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Title of doctoral dissertation:

Control Algorithm of Brushless Doubly-Fed Reluctance Generator under Unbalanced Grid
Voltage Conditions

Abstract:

The growing demand for electrical energy, especially from renewable sources, has motivated the
scientific community to develop new technologies for producing electrical energy more efficiently,
reliably and economically. Over the years, many wind energy conversion system (WECS)
topologies with large wind turbines have been proposed, which may be generally classified into
three types: fixed speed, variable speed with a partial scale power converter, and variable speed
with a full-scale power converter.

Wind turbines based on doubly fed induction generators (DFIGs), with converters rated at about
25%-30% of the generator rating, have been widely used for large-scale wind generation because of
their ability to provide variable speed operation and independent active and reactive power control
in a cost-effective way.

More recently, a brushless doubly-fed reluctance generator (BDFRG) has been proposed as a
potential alternative to the existing solutions for wind power applications since it retains most of
their merits while offering high reliability.

The BDFRG is a prominent economical solution regarding reliability and maintenance of
brushes and slip-rings which are characteristic problems of the traditional DFIG in WECS. Such
advantages should be particularly attractive for off-shore wind turbines, where the operation and
maintenance costs of brush generators are considerable.

Since wind power plants are often installed in remote areas with weak grids where unbalanced
voltages are common which may force the wind generator to be disconnected from the grid, this
research work has been dedicated to and focused on the performance and control of the BDFRG
under unbalanced grid voltage conditions (UGVCs). A new control algorithm is developed and
proposed in this thesis based on vector control. Application of this algorithm provides an increase in
the robustness of the system, as well as an improvement in controllability.

In order to achieve this goal, the research work in this thesis was conducted as follows:

1. A review of the existing literature on the topic of the doctoral thesis was carried out in order to
identify the best solutions for the synthesis of the control algorithm in the considered case;

2. Dynamic models of the BDFRG were developed under conditions of unsymmetrical
(unbalanced) grid voltage by applying equations for the direct and inverse system,;

3. A new control algorithm based on vector control was developed with the aim of eliminating the
negative influence of components of the inverse voltage system on the performance of the wind
generator.

4. The performance of the proposed control algorithm was analyzed using computer simulations in
Matlab/Simulink software;

5. The performance of the proposed control algorithm was analyzed using Maxwell / Simplorer /
Simulink co-simulation for the small-scale BDFRG;

6. A 1.5 MW BDFRG was designed for implementation in real-time simulations;
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7. The performance of a newly designed large-scale wind generator with the implemented new
control algorithm was analyzed under conditions of unsymmetrical grid voltage on a HIL setup,
where the C code is compiled in dSPACE® from a Simulink® model using Real-Time
Workshop.

Based on the research conducted according to the introduced plan, the main scientific
contributions are formulated and presented in the thesis.

Keywords: Wind energy, brushless doubly-fed reluctance generator, unbalanced grid voltage,
design methodology, Maxwell/Simplorer/Simulink co-simulation, Hardware-In-the-Loop

Scientific area:
Electrical engineering and computer science
Narrow scientific area:

Power converters and drives

HacaoB 1okTopcke aucepramnmje:

AnropuTaM yImpaBibamka JBOCTPAaHO HAIajaHUM pPEIYKTaHTHHUM TE€HEpaTOpOM Yy YCIOBHUMa
HECUMETPUYHOT MPEKHOT HAIIOHA.

AncTpakr:

Pactyha notpaxxkma 3a eJIeKTpUYHOM €HEPrujoM, MOCeOHO U3 OOHOBJBUBHX M3BOPA, MOTHBHCATIA
je HayuHy 3aje[HUIly NOCJIeImBUX JeleHHja Ja pa3BHja HOBE TEXHOJIOTHje 3a e(HKacHUjy,
MOY3/aHU]y U €KOHOMUYHH]Y MIPOU3BOIBY €IEKTpUUHEe eHepruje. JJodap mpumep 3a To MpeacTaBiba
NIPOM3BO/IIbA EJICKTPUYHE EHEpruje M3 €Hepruje BeTpa, Koja je MOCIEIBUX TOJMHA y CTaTHOM
1opacry.

Toxom roauHa je NPEIIOKEHO MHOTO pa3IMYUTUX CUCTEMCKHX pellekha 3a IMPUMEHY
BeTpoarperaTta BeJIMKe CHare, Koja ce reHepaJlHO MOTy CBPCTaTH y TPU KaTeropuje: TOMOJIOTHje ca
HEMPOMEHJbUBOM Op3MHOM, TOMNOJIOTHj€ ca MPOMEHJBUBOM OP3MHOM M €HEPreTCKUM IpeTBapadyeM
napuyjajHe CcHare BeTpoarperata M TOMOJOTHMje ca MPOMEHJBMBOM Op3MHOM M EHEPreTCKUM
IpeTBapayeM IyHe CHare BeTpoarperara.

JIBocTpano Hamajanu acuuxpoHu TreHepatopu (Doubly-fed Induction Generator, DFIG) kox
KOjUX CE pOTOp Haraja U3 eHEpreTCKOr MpeTBapaya yrja cHara u3Hocu oko 25%—30% HomuHanHe
CHare reHepaTopa, IUPOKO Cy 3aCTYIUbEHU y CUCTEMHUMa Ca BETpoarperatuma BeJMKe cHare 300r
BUXOBE BaKHE KapaKTEpUCTHKE Jla pajie ca NMPOMEHJ/bMBOM OpP3MHOM M HE3aBHCHOM KOHTPOJIOM
aKTHBHE U PEaKTUBHE CHare Ha €eKOHOMUYaH HAYUH.

VY HOBHje BpeMe Ce€ JBOCTPAHO HamajaHW PEIYKTaHTHH TreHepaTop 0e3 dYeTKulla Ha pOTOpy
(Brushless Doubly-Fed Reluctance Generator, BDFRG), y namem TekcTy camo IBOCTpaHO
HarajaHu PEIyKTaHTHHU T'€HEpaTop jep ce KOJ CaBPEMEHHX MallliHa ca PEeIyKTaHTHHUM POTOPOM
nojapasymMeBa Ja HeEMajy 4YeTKHIIe Ha OBOM Jelly MalllMHe, NpeJiake Kao TMOTeHIHjaTHa
antepHaTuBa nocrojehuMm pemewmuma y BerpoeHepretuiin. BDFRG, 3aapxaBajyhu Behuny
MPEAHOCTH TOCTOjehuX pemema, HyOAd W BHCOKY moy3gaHocT y paay. BDFRG mnpencrasiba
€KOHOMHUYHO pernieme 3a npobieMe koje uma kimacudan DFIG ca moysnanomthy u oapskaBameM
YeTKULla M KIU3HUX INPCTEHOBA y CUCTEMHMa 3a KOHBEP3M]y €HEpruje BeTpa y EJEeKTPUUHY
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ereprujy (Wind Energy Conversion Systems, WECS). Kao mro je momenyTo, oBe 0COOMHE Cy 0]
MOCEOHOI MHTEpeca 3a BETPOENEKTpaHe Ha MOpY, KOJ KOjUX Cy 3HAuajHH TPOILIKOBH paja U
OJlpKaBamba YETKUIIA BETPOTEeHEPaTopa.

bynyhu na ce BeTpoenekTpaHe 4ecTO MOCTaBIba]y y YAAaJbeHUM PYPATHUM MOJAPYYjuMa, T je
OYCKMBAHO TPHUCYCTBO CIA0MX Mpeka ca HECHMETPUYHUM (HEYpaBHOTEKEHHWM) HAMOHUMa KOjH
MOTY J1a JIOBEIy J0 UCKIJbyUeHha BETPOreHepaTopa ca MpekKe, HCTPAKUBAYKH Pajl CIIPOBEICH Y OBO)]
JIOKTOPCKO] mucepTanuju nocsehen je u hokycupan Ha nepdopmance u ynpasbatbe BDFRG-om y
YCIIOBMMa HECUMETPUYHOT MPEKHOT HaroHa. Y paiy jeé pa3BHjeH U MPeIUI0KEH HOBH alrOpUTam
ylpaBJbamka 3aCHOBAaH Ha BEKTOPCKOM yrmpaBibamy. [IpuMenom oBor anroputma obesbelhyje ce
nosehambe poOyCHOCTHM CHUCTEMa Ha T0jaBy MHBEP3HUX KOMIIOHEHTH MPEKHOT HaroHa, Kao WU
YKYITHO TO0OJbIIamke MeppopMaHCH CHCTeMa Kao pe3yiraT NpuMeHe jHampeheHor HauumHa
yIIpaBJbama.

Jla 61 ce ocTBapuoO 0Baj IMJb, HCTPAKUBAYKH PaJl y TE3H je€ CIPOBE/IeH Ha cienehn HauuH:

1. W3BpieH je aetasbaH mperien nocrojehe muteparype u3 00J1acTH JTOKTOPCKE Te3e Y IHUJbY
uneHTu(duKaIyrje HajoobUX pellieHha 3a CHHTE3Y allTOPUTMA YIIPaBJbalkha y pa3MaTpaHOM CITydajy;

2. Nunamuuku moaenu BDFRG-a pa3Bujenn cy y yciaoBUMa HECUMETPUYHOT MPEXKHOT HAlOHA
MPUMEHOM jeJHAYMHA 32 IUPEKTAaH U HHBEP3HU CUCTEM;

3. Pa3BujeH je HOBU alropuTaMm yrIpaBjbamha 3aCHOBAaH Ha BEKTOPCKOM YIIpaBJbabkhy Ca IHJBEM
SIMMUHUCAakha HETATUBHOT YTHIIaja KOMIIOHEHTH MHBEP3HOT HAMOHCKOT CHUCTeMa Ha mepdopMaHce
BETPOreHepaTopa;

4. TlepbopmaHce NPEUIOKEHOT alTOpPUTMa YIpaBJbakba aHAIM3UpaHe Cy KopHIThemem
padyHapckux cumynanuja y codprBepy Matlab/Simulink;

5. Ilepdhopmance mpeaioKeHOT alropuTMa yrpaBjbamka Cy aHaIn3upaHe kopumhemeM Maxwell
/ Simplorer / Simulink kocumymnanuje 3a BDFRG mane cHare;

6. BDFRG oz 1,5 MW je mpojekToBaH 3a IpUMEHY Y CUMYJIalljaMa y pealHOM BpeMEHY;

7. IlepdhopmaHce HOBOIPOJEKTOBAHOT BETPOTEHEpaTOpa BEIUKE CHAare ca MMIIEMEHTHpPaHUM
HOBHUM QJITOPUTMOM YTIPaBJbaha aHATU3UPAHE CY Y YCIOBUMAa HECUMETPUYHOT MPEKHOT HAllOHA Ha
HIL nocrasuu, rae ce C kox kommnajmupa y ASPACE® u3 Simulink ® monemna xopuctehu Real-
Time Workshop.

Ha ocHOBY wucTpakmBama CIPOBEICHOI Mpema YTBpHEeHOM IUIaHy, (GOpPMYIHCaHH Cy U
MPECTaBJbEHU TIIaBHA HAYYHU JOTPUHOCH y JOKTOPCKO] TUCEPTAIIH]H.

KibyuyHe peun: BeTpoeHepreTrka, IBOCTPAHO HalajaHH PEIyKTAaHTHU T'€HepaTop, HECUMETpHYaH
MpPEXHH HaIloH, MpojekToBame MamuHa, Maxwell/Simplorer/Simulink kocumynanmja, Hardware-
In-the-Loop

Hay4una o0Jjacr:
EnextpoTexHuka 1 pauyHapcTBO
Y:xa Hay4Ha o0sacT:

Eneprercku nperBapadu U OroHU
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1.1 Introduction

Wind power has been used for thousands of years by humans to produce mechanical energy
(mills, irrigation and sailing boats) [1, 2]. The application of the kinetic energy of the wind for the
generation of electric energy had its origin at the end of the 19th century. However, it was only
from the 1960s onwards that there were sufficient investments to promote the advancement of wind
energy conversion into electrical energy. In the 70's, during the oil crisis, with the awareness of the
problems caused by the burning of fossil fuels and with government subsidies, the generation of
electrical energy from wind energy was boosted [3].

There are many factors that have contributed to the increase of interest in wind energy in the last
decades [3]. The first one refers to the need to look for alternative sources. The second reason was
the large potential of wind energy, as it is available everywhere on the earth and in some places
with a particularly high energy density. Third, there was the technological capacity. In particular, at
that time there was a huge progress in other industrial fields, especially related to power electronics,
which revolutionized the way wind energy could be extracted. The remaining two factors refer to
the new vision of how to use the wind energy, technically and commercially, and the political will
to achieve that.

The growing demand for electrical energy, especially from renewable sources, has motivated the
scientific community in the last decades to develop new technologies for producing electrical power
more efficiently, reliably and economically. Wind energy source is a good example of this trend;
especially electrical energy generation from wind power has grown significantly in recent years.
The increasing size of wind turbines resulted in new grid codes [4].

The main purpose of this chapter is to define and present the scientific framework of the thesis
proposal based on published research assessing the use of a Brushless Doubly Fed Reluctance
Generator (BDFRGQG) in variable speed systems for wind power energy conversion and their control
under different grid conditions.

1.2 Modeling of Wind Turbine Aerodynamics

Wind turbines are used to turn the power of the wind into mechanical energy. The mechanical
power captured by from the rotor blades P, can be expressed as in (1.1),

1
P, :EﬁpRZCP(z,ﬂ)vi, (1.1)

where, p is the air density assumed to be constant, R is the radius of the turbine rotor, v,, is the
average wind speed, and C, is the power coefficient which is given as a function of tip speed ratio 4
and the pitch angle f. The tip speed ratio 4 is defined as:

— a)rmR
v I

w-g

A , (1.2)

where ,., 1s the rotor speed and /, is the gearbox ratio.
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The performance of the wind turbine can be evaluated by the value of the power coefficient C,,
which represents the ratio between the power available at the rotor and the power that can be
extracted by the turbine blades from the wind (i.e. it indicates the efficiency of the wind turbine).
The theoretical maximum permissible value for C, is known as the Betz limit. The maximum value
of this coefficient is 0.59. The coefficient C, can be approximated by several different possible non-
linear functions. One of the most commonly used expressions is given by (1.3),

where

The coefficients ci, ¢z, ¢3, ca, ¢5 and c¢¢ depend on the aerodynamic

C (4B =c|2 P s
(LB =q E—c3ﬁ—c4 exp " +c A,

1

0.035

1
Z‘(mo.ow_ﬁm

turbine, and are obtained empirically as in Table 1.1.

Table 1.1Value of the aerodynamic coefficients

(1.3)

(1.4)

characteristics of the wind

1

C2

(6]

Cy

Cs

Ce

0.7105

250

0.4

25

26

0.010868

With the parameters defined for the wind turbine, the turbine output power with the trajectory of
maximum power point tracking MPPT power is shown in Figure 1.1.
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Figure 1.1. Output power of the turbine versus rotor speed with MPPT

The mechanical output torque of the wind turbine 7}, that is, the torque at the input of the
gearbox, is defined by the equation:

8|

(1.5)
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While the input torque of the generator 7, (i.e. the torque at the output of the gearbox) is
defined by the equation (1.6),

n Ol

(1.6)
Assuming that the friction and the slip losses of the gearbox are neglected, thus, the power at the
input of the gearbox is considered the same as the power at the output.

lo,=1,0,

m-"rm

Input (drive) torque on the shaft of the BDFRG is shown in Figure 1.2.
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Figure 1.2. Input torque of the generator versus rotor speed

1.3 Overview of existing wind energy conversion system topologies

Over the years, different system topologies have been put forward, which may be generally

classified into three types: fixed speed, variable speed with a partial scale power converter and
variable speed with a full scale power converter [5, 6], as simplified in Figure 1.3.

QV ind power system topologi§
v

) ] ) v
s /
‘ Fixed speed

Variable speed

Partial scale
~ (30%)

Full scale
(100%)
Figure 1.3. General classification of WECS topologies
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1.3.1Fixed speed WECS

The fixed-speed WECSs have already been used with a multiple-stage gearbox and a squirrel-
cage induction generator (SCIG) directly connected to the grid through a soft-starter and
transformer [1, 6] as illustrated in Figure 1.4.

Since the SCIG always absorbs reactive power from the grid, this concept was extended with a
capacitor banks installed to correct the power factor at each wind generator. Smoother grid
connection is achieved by incorporating a soft-starter, which limits the inrush current to the
induction generator during start-up [1, 5-7].

The fixed-speed WECS has the advantage of being simple in construction, robust, reliable and
has low initial costs. The main drawbacks of this system can be summarized as follows [1, 5-7]:

e Uncontrollable reactive power consumption,

e Mechanical stress and limited power quality control

e Necessary application of a three-stage gearbox

e Necessary excitation from the stator terminals of SCIG. Therefore, it is impossible for
this type to support grid voltage control by compensating reactive power.

Wind turbine Step-up
Soft-starter transformer
7NN .
% \\7\/7\ /\—| Grid
Gearbox -
-
Capacitor bank

Figure 1.4. Schematic of a fixed-speed WECS with induction generator

1.3.2Variable speed WECS

Variable-speed WECSs were designed to maximize wind power extraction over a broad range of
wind speeds. With a variable-speed operation it has become possible to continuously regulate
generator speed to match the maximum possible power that can be extracted with the wind turbine.
Such a mechanism is known as the Maximum Power Point Tracking (MPPT) [8-10].

Other key advantages of variable speed operation are related to the increase of captured power,
improvement of power quality and reduction of mechanical stress on the wind turbine. The
disadvantages are increased cost of equipment because of the power converters application and
accordingly their power losses.

Currently, the most common configurations of variable-speed WECS depend on the rating of the
power converter.
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1.3.2.1 Variable speed WECS with partial scale power converter

A typical configuration shown in Figure 1.5 is known as the DFIG concept, which uses a partial-
scale power converter (rated at approximately 30% of nominal (rated) generator power) and a
wound-rotor induction generator with slip rings to transfer current between the converter and the
rotor windings [1, 5-7].

The power converter performs the reactive power compensation, because the grid-side power
converter can control reactive power flow, independently of the generator operation.

\  Wind turbine

Step-up
transformer

1 Grid

Gearbox 4@ G {& *[E; G 4@5

Generator side converter Grid side converter

Figure 1.5. Typical configuration of doubly-fed induction generator WECS

A DFIG system can deliver active power to the grid through both the stator and the rotor side
converter, while the rotor can also absorb power, depending on the generator mode of operation
(sub/sub-synchronous). If the generator operates in super-synchronous mode, power will be
delivered from the rotor to the grid via the converter, and if the generator operates in sub-
synchronous mode, then the rotor will absorb power from the grid through the converter [5-7].

The main disadvantage of DFIG system is the use of brushes and slip rings to connect the
wound rotor to the power converter. The aforementioned components require regular maintenance,
which in turn increase the operating costs of the generating unit, especially on offshore wind farms.
In addition, a multi-stage gearbox is still necessary in the drive train to match turbine and generator
speed [5].

1.3.2.2 Variable speed WECS with full scale power converter

The typical configuration of a variable speed WECS with a full-rated power converter is
illustrated in Figure 1.8. In this type of WECS the generator is connected to the grid through a
power converter that handles all of the generated power, which allows effective control of active
and reactive power and smooth grid connection [1, 5, 6].

Fully scale converter WECSs may or may not have a gearbox depending on generator
characteristics. Different types of electrical generators can be used, such as induction, wound-rotor
synchronous or permanent magnet (PMSG) synchronous generators [1, 3, 5, 6].
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Step-up

L5 {3 {& J_ {& {& {#| tansformer

— | | = () one

Generator side converter QGrid side converter

Figure 1.6. Gearless wind turbine with a permanent-magnet synchronous generator and a full-rated power converter

1.4 Brief review of brushless doubly fed machines (BDFMs)

The concept of BDFMs date back at the beginning of the 20th century [11], originally dating
back to the patent registered by the Siemens brothers and Lydall in 1902.[12, 13] From then on,
this kind of machine has experienced three major development stages [14, 15]. In the first stage,
around the 1910-1920s, Hunt and Creedy researched the concept of self-cascade machines, where
two wound induction motors share a common shaft and the two sets of rotor windings are
electrically self-cascaded [16, 17]. Since the two sets of rotor windings are self-cascaded, there
was no need for brushes or slip rings as shown in Figure 1.7.

DFIM1 DFIM2
7 Common shaft
Stator @ 5 Stator
windingl winding2

Connected rotor windings

Figure 1.7. Two induction machines in cascade connection

Further improvements related to BDFM were made by Broadway, Thomas, Kusko, Somuah and
others in 70s [18-21]. A single stator winding was proposed by merging the two sets of stator
windings applying dual-tapped stator windings wound into a common stator core. Along the time,
they sought two distinct rotors, the nested cage rotor and the salient reluctance rotor.

Further work on the subject has been presented around 1980 by Heyne and El-Antably to
manufacture the Broadway’s version of BDFM, but did not produce significant torque density and
energy efficiency for practical applications [14, 21].

In 90s the brushless doubly fed reluctance machine (BDFRM) gained a quite attention, mainly
motivated by the rapid progress in modern power electronics [15]. Since then, many papers have
been published to unveil more of the BDFRM principles, operational characteristics, control
methods and applications. In 1991, a transient machine model of a doubly fed reluctance motor and
the 'dq' model were presented in [22, 23].



Chapterl. Introduction

A methodology for steady-state performance analysis and design of the DFRM was presented in
[24], and subsequently, investigations of the electromagnetic principles of the BDFRM performance
continued [25, 26]. The authors in [27] introduced a comparison between the Synchronous
Reluctance Machine (SyncRM) and the BDFRM, where some aspects such as torque capacity,
efficiency and inverter ratings were addressed by the authors. The same authors presented a
comparative theoretical analysis and aspects of practical implementation of the important control
strategies and associated machine performance/inverter size trade-offs for the BDFRM [28, 29].

Along the years, different control strategies have been reported in the literature. They can be
mainly categorized as: scalar control [30-34], vector control, which can be voltage oriented control
(VOC) or field-oriented control (FOC) [35-37] and direct torque control [30, 38, 39]. These control
techniques can be rotor position sensor based or sensor-less [40], established through different
position or speed estimation methods, including Model Reference Adaptive System (MRAS) [37,
41-43], or observer-based schemes for speed, as well as torque (and flux) control [44]. The
underlying control strategies have different objectives such as: power-winding unity power factor
[36, 45], minimum converter current or maximum torque per inverter ampere (MTPIA), minimum
copper losses, maximum power factor [36], reactive power and torque control [46] or Direct Power
Control (DPC) [47-50]. Besides, other approaches such as Open-Winding-Based control [51, 52],
improved Particle Swarm Optimization to adequately track the speed [53], etc. have also been
documented [54].

1.5 WECS under unbalanced grid voltage conditions

The wind power plants are often installed in remote rural areas, where it is usually characterized
by weak grids with unbalanced voltages [55-57]. Under UGVCs, negative-sequence components
are present in the grid voltage, influencing problems for wind generators such as unbalanced
primary currents, secondary current harmonics, unequal heating or hot spots in the windings [58]
which degrade the insulation and reduce the life expectancy of the windings. The interaction
between negative-sequence voltage and positive-sequence current generate power pulsations and a
pulsating torque, which may cause extra mechanical stress on the drivetrain and gearbox [58-63]
and may even affect the system to be unable to perform as recommended with grid codes [64, 65].
The wind turbines might have to be disconnected from the grid under UGVCs [66] due to
unbalanced stator current and power, as well as torque pulsations. On the other hand, recent grid
codes require wind turbines to withstand a maximum value of 2% of grid voltage unbalance without
tripping [67, 68].

The conventional control systems for DFIG based on voltage oriented control (VOC) theory,
have been used for controlling such systems under normal conditions [69]. However, further
improvements of the control algorithm have to be made for controlling the positive and negative
sequence components of the rotor current under unbalanced grid conditions, in order to eliminate
the torque ripple and the active power pulsations. Various control strategies have been proposed in
the literature for the DFIG under UGVCs. The system performance and control of DFIG based wind
turbine under UGVCs have been studied in [65-67, 70-75]. Even though many studies have
presented advances along last years, there is still a lack of research on the performance of BDFRG
under unbalanced grid voltage conditions. A new mathematical model for the BDFRG under
UGVCs has been introduced in [61] using positive and negative sequence equations, where the
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machine equivalent circuit in the d-q reference frame is presented, as well as the torque and the
power equations were developed. Furthermore, a real-time separation method is introduced to
separate the negative sequences from its positive sequences.

The authors of [61] have provided mathematical proof of the BDFRG model under UGVCs in
[76], where the space vector and dg models in the relative positive and negative sequence reference
frames were derived from the time domain equations of the BDFRG. In addition, the model was
simulated in MATLAB/Simulink in order to demonstrate the operation of the BDFRG under
UGVCs. The same authors have used the model introduced in [61] to develop a Predictive DPC
(PDPC) method for the BDFRG under UGVCs in [58]. The proposed PDPC is based on a power
compensation strategy aiming to achieve two control objectives: balancing the primary currents and
mitigating the electromagnetic torque pulsations. However, the impact of unbalanced grid voltage
on the primary active power and the secondary current has not been fully investigated.

In [77] the authors proposed an extended vector control strategy to increase the immunity to a
negative sequence voltage component and to improve the controllability of such unbalanced grid
conditions. The dynamic model in MATLAB/Simulink was developed in order to investigate the
behavior of BDFRG during UGVCs. Methods to separate positive and negative sequence
components in real time have been also developed in this paper.

1.6 Research Motivation

The main motivations for establishing control of the BDFRG under unbalanced grid conditions
could be summarized as follows:

e The BDFRG is one of the most promising machines, which gained a significant attention
in the recent years, because of its reasonable cost, high reliability of brushless structure,
and competitive performance with the conventional wound or cage rotor induction
machine, or the brushless doubly-fed induction machine (BDFIM) counterpart [78].

e The BDFRG retains all of the cost benefits of the DFIG associated with using partially-
scaled power converters, especially in applications with limited speed ranges (e.g. wind
turbines) where the converter rating, size and cost can be further reduced [34].

e Wind turbines are often installed in remote areas with weak grids where unbalanced
voltages are common occurrence [77, 79].

e The power system transient stability issues with high penetration of WECS in recent
years and consequently their big impact on the electricity system steady-state and
dynamic operation. Therefore, under voltage dip conditions caused by faults within the
grid, wind generators have to stay connected and act similarly to conventional power
plants providing active power control, frequency regulation and dynamic voltage control,
as well as low voltage ride through (LVRT).

1.7 Aim and Contribution

The main purpose of this thesis is to investigate and develop vector control strategies for large
scale BDFRG based WECS under unbalanced grid voltage conditions, which has not been widely
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covered in literature. For that purpose, a detailed review and systematization of existing research
was conducted in the field of modeling and control of DFIG and BDFRG in conditions of
unbalanced grid voltage, with an emphasis on the application of BDFRG in systems for the
conversion of wind energy into electricity.

Theoretical clarification has been carried out in the thesis in order to contribute to a better
understanding of the performance of WECS with BDFRG in conditions with unbalanced grid
voltages. A model for the BDFRG unbalanced operation has been put forward using positive and
negative sequence equations. This model has been used to develop a new vector control (VC)
method for the BDFRG under unbalanced grid conditions, which in turn allows taking into account
grid codes requirements.

Preliminary design of a large scale BDFRG using Ansys Maxwell software has been conducted
in order to verify the two newly developed and proposed control algorithm on a hardware in the
loop (HIL) setup.

Demonstration of the effectiveness of the proposed control algorithm has been performed on
three levels:

1. Computer simulations with MATLAB/SIMULINK

2. Maxwell / Simplorer / Simulink co-simulation for the small-scale BDFRG;

3. Real-time simulations of a newly designed large scale BDFRG using HIL development
platform.

As the BDFRG is a very complex machine to design, initially a design was developed for a low-
power BDFRG (1.5 kW) for which basic dimensions and parameters could be found in the
literature. Then the dimensions were scaled in order to complete the design for a large scale
BDFRG (1.5 MW) in accordance with the procedure based on the existing literature in this research
field. The parameters of the large scale BDFRG were determined using the analytical method for
parameter calculation and the FEM model. The goal of this doctoral dissertation was to analyze the
performance of the BDFRG within a real wind energy conversion system that is of high power
(several MW). This analysis had to be conducted in accordance with the current regulative for
unbalanced grid voltage conditions, and by applying two new and original control algorithms,
developed in the thesis as its main contribution. Therefore, it was necessary to design large scale
machine for high power applications and to determine its parameters.

1.8 Thesis Outline

The remaining thesis content is organized in the following way:

Chapter 2 presents the fundamental principles of BDFRG operation including electromagnetic
considerations. Both the steady state and dynamic modeling aspects are presented.

Chapter 3 introduces a detailed analysis of the three commonly used control algorithms, i.e.
scalar control, vector control, and DTC. The vector control methods for the machine side converter
(MSC) and grid side converter (GSC) are presented, together with design principles of proportional-
integral (PI) controllers and the calculation of their parameters.

Chapter 4 presents the main aspects, the mathematical model of a BDFRG under unbalanced
grid conditions, and the developed advanced vector control strategy. An extended vector control

10
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algorithm is used to control both the positive and negative sequence components of the secondary
currents independently to achieve different targets.

Chapter 5 focuses on the design of a large-scale BDFRG by deriving the design parameters from
a small-scale machine. Some fundamental issues concerning the BDFRG design are addressed. The
performance of a 1.5 MW design is examined through finite element analysis (FEA) employing
Ansys Maxwell software.

Chapter 6 investigates the optimized control algorithm performances. The improved control
algorithm has been examined and validated in two manners: using Maxwell/Simplorer/Simulink co-
simulation (for a small-scale machine) and the Hardware-In-the-Loop (HIL) system (for a large-
scale machine).

Conclusions of the research work presented in the thesis with emphasized contributions and
plans for future work are given in Chapter 7.

11
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Chapter 2

Operating Principles of BDFRM
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2.1 Introduction

BDFRG is an attractive solution in variable speed applications with limited speed ranges owing
to the high reliability of the brushless structure and the low cost of a partially rated converter. It has
all the advantages of doubly-fed machines, with operating flexibility and control techniques similar
to those of DFIG. Thus, it can operate at synchronous, super-synchronous and sub-synchronous
speeds in the motor and generator operating modes [28, 80]

The rotor with half of the total number of the stator poles provides magnetic coupling between
the two stator windings. The presence of the variable reluctance rotor position-dependent path
modulates the magnetomotive force (MMF) waveforms of the two windings in both spatial and
temporal terms, leading to linking the flux harmonic side-bands of each winding with the
fundamental MMF of the complementary winding [50, 81, 82].

2.2 Electromagnetic principles

The performance of the BDFRM highly depends on the capability of the rotor to modulate stator
magnetic fields in order to establish magnetic coupling between the stator windings that otherwise
interact. The unusual electromagnetic field interaction limits the use of traditional machine analysis
and needs the consideration of the associated phenomena simultaneously. The operating principles
of the BDFRM are well discussed in the literature [22-26].

2.2.1Air-gap modeling by using the salient pole rotor
In order to make the analysis feasible, some assumptions are considered [25]:

e The iron of the machine has infinite permeability

e The two sets of three phase windings of the machine will be assumed to be adequately
modelled as spatially sinusoidally distributed windings.

e The stator currents are represented by sinusoidal waveforms.

e Concerning the system topology, the primary winding is directly connected to the grid
under normal operating conditions and the secondary winding is converter fed.

Additionally, it is considered that air gap function can be modeled as in [25],
g7'(0,0,)=m+ncos[P.(0-6.)], (2.1)
where the constants m and » are real numbers, satisfying m > n > 0; P, is the number of rotor poles;

O, 1s the rotor mechanical angle; 6 is the angle around the air-gap. Figure 2.1 shows a graphical
representation of the inverse air gap function, in accordance to (2.1).

13
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Figure 2.1. Inverse air-gap function in accordance to (2.1)

Assume that the primary and secondary three phase windings are fed with three phase sinusoidal
currents, the fundamental component of the three-phase MMFs can be calculated as in [24, 25, 83],

R P
F,(0,t) = F, cos(w,t -?"49)

Fo0.0=F cos@1-a-20) . 2.2)

F.(0,1)= Fp3¢ 0,0+ E;3¢(09t)

where P, is the number of poles of the primary winding; Py is the number of poles of the secondary
winding; » and F, are the peak primary and secondary MMFs given in (2.3),

n =§.iNPh7pKw7p I , Av =§ iNPh,XKWfS ]Y’ (23)
"7 P " T2 P

p

where N,;, s are the total number of turns per phase and X,, , ; are the winding factors.

For different combinations of pole numbers, the three-phase MMFs produced from the two
winding sets (only the fundamental component is considered) are shown in Figure 2.2
F —F _st‘qﬁ == totali

Fp5‘¢ st‘qﬁ = = " total N
4 F -

) )
o [=EN
f?: £,
=< =
) 75}
=3 =
= s ,
= = P )
P=4 v 1 1
s N \
P=6 '~ N
r . . | L r . ]
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Angle arround the airgap [deg] Angle arround the airgap [deg]

Figure 2.2.Three-phase MMFs for each winding

Considering only the fundamental component of the MMFs, one can reasonably expect some
difficulties on designing a BDFRM, since the total MMF is not sinusoidal and will be further

modulated by the rotor [13].
The flux density distribution along the air gap can be computed as in [25],

14
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B(,0.,,t)=u,g (0,6, )F,, (0,1, (2.4)

where p represents the vacuum magnetic permeability. Most research studies assumed that m an n
in (2.1) as m = n = G/2, G = 1/gap, where G is the minimum air-gap length. Carrying out some
manipulations, the air-gap flux density due to the primary, as well as secondary winding is obtained
and presented with following expressions:

P
cos(@,t — ?” 0)+
GF P
Bp(e,e,m,t)zﬂoz v 1 cos((wp—Rwrm)t—(g”—R)é’) : (2.5)
2 b,
-W%«%+R@u%+5+RW)
cos(a)st—gﬁ—a)+
GF
B.(0,0, 1) =2""" <mqm%—ewmy+az—§oe—a) , (2.6)

rm

+eos((@, + Py, )i~ (R +2)0-a)

where w,,; 1s the primary and secondary angular frequency respectively; w,, is the rotor
mechanical angular speed in mech-rad/sec, 6,,= w,t is the rotor mechanical angle, and P, is the
number of rotor poles.

It can be stated that the equations (2.5) and (2.6) have a fundamental field and two sidebands.
The coupling between the winding sets is achieved if one of the sidebands of one winding couples
the fundamental component of the complementary winding. This means that the two values
including cosine terms of the secondary fundamental component in (2.6) and the primary harmonic
component in (2.5) must be equal. It is worth noting that the fundamental component of each
winding can be coupled with only one sideband of the complementary winding and the remaining
sideband would be a leakage flux [25].

For instance, let us analyze one of the possible combinations which is coupling of the
fundamental component from secondary winding with one of the sidebands from primary winding
due to rotor modulation.

P P
cos ((a)p -Po, )t —(?p—B)QJ =cos(w,t —3“‘9) (2.7)
The following coupling conditions for electromagnetic torque production can be concluded from

2.7):

w,-ha,, =0, - ho, =0,-0,

or : (2.8)
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and
P P -P
_p-fspatr
2 2 2
or (2.9)
P P +P
——p+P:£—>R: L
2 2

Similar analysis can be performed for each one of the four combinations between fundamental
component and the two sidebands of the complementary winding as explained in Figure 2.3

Fundamental
PP
wp’ 2 i(wp _Pra)rm) i((t)p +Prwrm)
w2 _p) 5
TNy ﬂ? +£5)
Primary
4 Sideband 1 / Sideband 2
4 / ’ ‘\
Sideband 1/ Sideband 2
Secondary
i(a)s _Prwrm) i(a)s +Prwrm) Wy 5
P A ’
i(;s -P) i(TS +5) Fundamental

Figure 2.3. Coupling conditions for torque production of the BDFRM (adapted from [13])

2.3 Basic concepts

The BDFRG has two windings: the primary winding, known as the power winding, which is
directly connected to the grid, and the secondary winding, known as the control winding, which is
connected to the grid through a bidirectional power converter in back-to-back configuration as
shown in Figure 2.4.

Grid

Primary (power)
P,-poles winding

Reluctance rotor L

P + P
P :% poles

Machine side  Grid side
Secondary (control)
P -poles winding

2-stage

gearbox Back-to-back

converter

Figure 2.4. Conceptual block diagram of the BDFRG-based wind energy conversion system.
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The number of rotor poles (P;) is half the total number of poles of the stator, that is, it is equal to
the sum of the pole pairs of the two windings:

' 2 (2.10)

In this way, the magnetic coupling between the two sets of windings depends on the reluctance
of the rotor, that is, it depends on the position of the rotor shaft [27]. The electrical frequency of the
machine rotor must be synchronized with the sum of the electrical frequencies of the primary and
secondary windings [29]. As the frequency of the primary winding is constant, the frequency of the
secondary winding varies with machine speed. The criterion for synchronizing the secondary
winding is given by equation (2.11),

h=f+f>f=f-1 (2.11)

where, f, is the electrical frequency of the primary winding, f; represents the electrical frequency of
the secondary winding, and f. is the electrical frequency of the rotor.

The relationship between fundamental angular frequencies suitable for insight into
electromechanical energy conversion and accordingly machine torque production is given in (2.12),

@, + o, (2]
0= D By 1+ (2.12)
A A

When the secondary winding is connected to DC voltage (i.e o, = 0), the BDFRG operates in
synchronous mode at wg,c = w,/P,, which is half of the synchronous speed of a F-pole DFIG.
Thus, the BDFRG can be categorized as a medium-speed machine requiring a two-stage gearbox
unlike the failures-prone 3-stage counterpart of the high-speed DFIG traditionally employed in
these applications [84].

The rotor speed variation with the secondary winding frequency variation in the case of different
rotor pole numbers is shown in Figure 2.5.

1500
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— P-4 P =6
r r
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()
o
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Secondary frequency [Hz]

Figure 2.5. Variation of speed with secondary winding frequency when primary winding is connected to grid with 50
Hz frequency

In the BDFRM, the synchronous angular speed (wy,,) is equal to the angular speed of the
primary winding. Hence, the generalized slip can be defined as:

17



Chapter2. Operating Principles of BDFRM

oo o,-Pao, _ o, (0,+o,) _ -0,

a)p a)p COP

(2.13)

2.4 Dynamic Model in Space-Vector Presentation

The dynamic model of BDFRM presented with the space vector equations can be found in detail
in [26]. Based on this publication, a summary of the model is presented with equations from (2.14)
to (2.17). The voltage and the flux space vector equations for the machine in a reference frame
rotating at @, for the primary winding and o—a®, for the secondary winding, assuming motoring
convention, can be written as follows:

. di,
u,=Ri, + o +]a)p41p, (2.14)
ZS :Rsis +%+J(a)r_a)p)’ (215)
di
A,=Lji,+L,i,, (2.16)
. - . L, .
A =Li+L, i, =cLi +——24,, (2.17)

L ps

In these equations, u, and u; are the primary and secondary winding voltages respectively, while
Ap and A, are the corresponding fluxes. The remaining parameters are as follows: the primary and
secondary winding resistances R, and Ry, and self-inductances L, and L,, L, is the primary to
secondary mutual inductance, o =1—L2ps/(LpLS) is the leakage factor, 4, is the mutual flux linkage,
and “*”denotes a complex conjugate. All the vectors in the primary voltage and flux equations are
stationary in a dg reference frame rotating at w,, and so are secondary counterparts but in a w;
rotating dq reference frame shown in the phasor diagram in Figure 2.6. Note that iy, = i; and 7,, = i,
(in their respective frames) are the magnetically coupled currents from one machine side to the
other, with the same magnitude albeit a different frequency to the original current vectors as a result
of the frequency modulating action of the rotor [25, 85].

®
g S
q, A
a)P
®,>0
dt\,wfo
> .
o = a-axi1s

Figure 2.6. Reference frames and characteristic phasors
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The w; defines the operating mode of the BDFRM (Figure 2.7), being able to work in three
modes:

e Synchronous mode (w; = 0, i.e. DC excitation), in this case the machine is essentially a
conventional synchronous machine. Under this conditions when the secondary winding
is not contributing any power to the system, the maximum power that can be produced
by the machine is half that when the secondary winding is being fed from AC voltage
source.

e Super-synchronous mode (w; > 0), when w, = w,, case of maximum speed, the real
power is shared equally by the two windings. If w; = w,/2, the real power flowing
through the secondary winding is half the real power flowing through the primary
winding - in this case the secondary winding is responsible for 1/3 of the total power.

e Sub-synchronous mode (w; < 0), e.g. the opposite phase sequence of the secondary
winding to the primary one. This mode of operation is inefficient because part of the real
power is circulating through the machine, causing losses [25].

Sub-synchronous Super-synchronous

Figure 2.7. Operating modes and power flows for the BDFRM

The rotor is responsible for providing the coupling between the stator windings, satisfying
equations (2.10) and (2.13). To better quantify the influence of the rotor, the expression of the
electromagnetic torque in steady state is used, according to the equation (2.18).

3 C

T; = EPerslpls Sln(ytorque) (218)

In this equation, 7 is the electromagnetic torque and iorque 1S the torque angle (also called the

load angle), and it depends on the phase shift between the primary and secondary winding currents
and the initial rotor angle [25].

19



Chapter2. Operating Principles of BDFRM
2.4.1BDFRM d-q Model

The advantage of using 'dq' reference models is due to the fact that there are fewer variables
than in the three-phase model. This makes it simpler to analyze and control the machine. The
BDFRM space-vector model (2.14)-(2.17) in motoring mode in reference frames rotating at v = w,,
for the primary winding and @ = w,— w, for the secondary winding, can be further developed by
using standard notation into the respective dg components as follows:

u,=Ri +—2L—o A
p p'p dt »”"pq (2.19)
. dA ’
u, =R, +—d:q +o,A,,
u,=Ri, + Ay —(0, ~@,)A,
, 2.20
. d/lsq ( )
u, =R, + 7 +(o,-w,)l,
A =L+ L0y
R (221)
va — Fplpg pstsq
ﬂ‘sd = Lsisd +Lpsipd
. . (2.22)

The previous d-g equations can be developed to give expressions (2.23) and (2.24), which can
be further used to establish the equivalent circuit shown in Figure 2.8.

. d ) . d ) .
U, = szpd +E(Lplpd _prlpd)+E|:pr(lpd +1Sd)}—a)pipq

, (2.23)
o d . . d . . J)
usd - Rslsd + E (lesd - prlsd) + E ':pr (lxd + lpd ):I - (a)r - a)p) sq
. d . . d . .
Upg = Rplpq T E (Lplpq - Lpslpq) + E [Lps (lpq Tl ):| T a)pﬂpd
J J (2.24)
tyy = Ry (L, = Lod, )+ LGy - i) ]+ (@ -0,)4,

The d-g model equations are very similar to those of the induction machine, which means that
the BDFRM is equivalent to a wound rotor induction machine with 2P,-pole [26, 80]. The
corresponding equivalent circuit is shown in Figure 2.8.
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Rp (Lp - pr) a)pﬁ/?‘qi (a)r _/aga)/lsq (Lq - Lps) Rs
WA O
! pd lsd
upd L ps usd
RP (LP B LPS ) w]}//l% (a)r _/agn )ﬂ’sd (Ls - Lps ) Rs
TN R T
lpq lsq
Uy, L sq

ps

Figure 2.8. d-q equivalent circuit of BDFRM

The expression (2.25) is chosen among various expressions for the BDFRM electromagnetic
torque representation. Thus, it can be concluded that the electromagnetic torque only appears as a
function of flux variations in the primary winding and the secondary current. In this way, the
electromagnetic torque can be controlled by the secondary current [25, 26], while the primary fluxes
(4pa and 4,,) are approximately constant (primary winding is connected directly to the grid).
Secondary currents (i;; and i, ) are controlled by the power converter.

3 P}”LPS . .
T, =~ Gy + i) (2.25)

P
The mechanical equation for a single lumped inertia load (J), used in the model for simulation

purposes is given with (2.26):

1
o =—|T -T, .,-Bw )t
rm JJ.( e Load )

g rm

(2.26)
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Figure 2.9. Ideal Dynamic Model of BDFRM for Simulations with Matlab/Simulink

The mechanical power equation presented in (2.27) shows the individual contributions of each
winding.

T‘C’wp 4 ]:ea)s

a)ﬁ‘
b, =T.0,, =5 tTTp p,(1+ . )=p,(1-5)- (2.27)

r r P

The machine operating mode is determined by the power flow on the primary side, i.e. from the
grid for motoring (7, > 0), and to the grid for generating (7, < 0), while the secondary can absorb or
deliver active power subject to the winding phase sequence, i.e. the w; sign: the BDFRM would
absorb (produce) positive secondary power at super (sub)-synchronous speeds as a motor, and at
sub (super)-synchronous speeds as a generator.

Table 2.1. Power flow for typical operating modes

Speed mode Motor 7,>0 Generator 7, <0
Sub-synchronous (w, < 0) p,>0&p,<0 p,<0&p,>0
Super-synchronous (@, > 0) p,>0&p,>0 P, <0&p,<0

2.5 Starting procedure

Because a partially-scaled power converter is used, the starting current of the secondary winding
must be limited below the rated value of the used power converter. To achieve a soft starting, the
BDFRM is started as an induction machine. In this case, auxiliary contactors are needed to short-
circuit the secondary winding terminals directly or via external resistors to prevent the inverter
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transient over currents and allow the BDFRM to start as an unloaded induction machine [30, 85,
86].

On the other hand, the machine could be started with the shorted primary windings using the
inverter, and then self-synchronize it to the grid for doubly-fed operation, following the procedure
similar to that used for commercial DFIM drives [86, 87].

2.6 Steady-State Analysis of BDFRGs

A study of the steady-state characteristics is useful to understand the BDFRM performance in a
broader spectrum. It shows how the speed and the power are affected by the applied secondary
voltage.

The steady state equations for the BDFRM can be written as:

Qp = Rplp + .]a)p(Lp _Lps)ip + ja)prs(Lp +£se”/) > (228)
7y
G K per v jo (L ~L)Le" + jo, L, (Iie” +1,). (2.29)
N

= P ps
S

where the p subscript denotes the primary winding and the s subscript denotes the secondary
winding.

It is worth noting that the frequencies of the primary and the secondary sides of the machine are
different, therefore this fact is applied in the main steady-state equations. The coupled equivalent
circuit is obtained by defining a relationship between the two frequencies being applied to the
system. This relationship is derived in terms of a slip. Hence, the secondary parameters have not
been referred to the primary winding in a turns ratio sense (or vice-versa). However, a frequency
referencing operation has been carried out [25]. The corresponding equivalent circuit drawn from
these equations is shown in Figure 2.10.

Z, Z,
R L-L jo,(~Ly) &
4 ]a)p( p ps) pNTs ps s
— ANN——N Y'Y
+ . R
lp ZPS L:eiy
— Jr
. Uge
u, § J@, L, S

Figure 2.10. The steady-state equivalent circuit of the BDFRM

Compared with the DFIM equivalent circuit, one can observe a great deal of similarity in form
despite the entirely different operating principles of the two machines. This model is virtually exactly
the same as the per-phase steady state model of DFIM derived in [88]. The angle y in (2.28) and (2.29)
is the torque angle, and it depends on the phase shift between the primary and secondary winding
currents and the initial rotor angle. The output torque of the BDFRM can be expressed as follows,
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3 . f_i_\
T = ER’LPSIP]S sin(@ -6, ), (2.30)

where o is the phase shift between the primary and secondary currents, and 6,9 is the initial rotor
angle. Equation (2.30) reveals that the output torque of the machine is directly proportional to rotor
pole number (P,), peak variation of mutual coupling between the windings (L), and peak currents
in both the windings (/,, ;). Inspection of (2.30) indicates that if « is zero, torque has its maximum
value when the initial rotor angle is 90 degrees. In that case, the self and mutual fluxes are
orthogonal in both windings.

If the secondary is shorted in Figure 2.10, the model becomes equivalent to a traditional SCIM.
This reinforces the close connection between the modeling of the BDFRM and the IM. It also
designates the ability of the BDFRM to work as an induction machine in case of inverter failure.

The primary and secondary currents can be calculated from the steady-state equivalent circuit
using the superposition theorem as follows:

(Z,+Z,)U,~Z, Y o
I,= s (2.31)
Z,2,+2,Z+ZZ,

y U

Z,Ue (2,4 Z,)=

[ = s (2.32)
Z,2,+Z,2,+2Z,

%
S

When the rotor rotates at synchronous speed, the secondary current falls to zero and the primary
current becomes a no-load current and has a minimum value. It means that, in order to obtain the
same conditions when the wind speed drops, the secondary currents should be set to zero at some
value of the slip. For a BDFRG, this could be achieved by applying an appropriate voltage to the
secondary circuit. At the given slip, and zero secondary current (i.e. at virtual synchronous speed),
the secondary voltage which has to be applied during wind speed drop to keep the machine working
as a generator can be calculated as:

sZ o
[,=0=U,=(—"—U,e") (2.33)
Z,+2,)

According to the BDFRM presentation given in the previous section, a 1.5 MW, 690 V, 50 Hz
BDFRG with its parameters listed in Table 2.2, is considered for analysis and calculation of
characteristic values for the generator operation of the BDFRG.

Firstly, the equivalent circuit is solved in motor operating mode with short-circuited secondary.
In this case, the analysis is then performed on the generator runs super-synchronously, assuming the
same efficiency and power factor as in motor mode.

In order to assess the effect of the secondary voltage on the performance of the BDFRG, the
analysis is then performed in the case of wind speed drop. In this case, the secondary voltage should
be applied, and the BDFRG works in a sub-synchronous generator regime
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Table 2.2. The parameters of the DFIG and BDFRG

Parameter DFIG BDFRG
Rated power (MW) 1.5 1.5
Line voltage (V) 690 690
Stator, rotor poles 6 8/4, 6
Synchronous speed (rpm) 1000 500
Power winding resistance (£2) 0.0014 0.005103
Power winding inductance (H) 0.001616 0.00237
Control winding resistance (€2) 0.00099 0.006827
Control winding inductance (H) | 0.0016081 | 0.0044334
Mutual inductance (H) 0.001526 0.002924

By neglecting both friction and iron losses, the BDFRM in a motor operating mode with short-

circuited secondary, develops full shaft power at 492.7 rpm, i.e. at slip s=1.46%. By solving the
equivalent circuit for the motor full-load operating point, the following quantities (Table 2.3) are
calculated:

Table 2.3. The results for the BDFRM full-load operating point (Us=0)
LKA) | LKA) | p(MW) |g,(MVAD)(Py (kW) | Py (kW) P.(MW) |
1.6214 | 1.0138 1.48 1.24 40.248 | 21.050 1.421 95.86

cos¢

0.7648

5%

1.46

n,(rpm)
492.7

Let’s assume that the BDFRM generates its rated power for wind speed v,~=10.3 m/s with A=7
and C,=0.4, with the same efficiency and power factor as in motor mode. The turbine radius used in
turbine design is R=42 m, and the power is easily determined from the following expression:

1
P :EﬂpRszva =p, (2.34)
The corresponding turbine angular speed is:
o =22V _ 1 7167radls (2.35)

t

By solving the equivalent circuit of the BDFRM with short-circuited secondary (Us=0), the
machine will generate 1.4802 MW of active power at a rotor speed of 7,=506.82 rpm (super-
synchronous mode) and slip s=—1.36%. The quantities for the generator mode of operation were
calculated and reported in Table 2.4.

Table 2.4. The results for the BDFRG full-load operating point (Ug=0)

n,(rpm)

5%

1(kA)

I(kA)

P (MW)

q,(MVAr)

Po, ,(kW)

P, (kW)

P,(MW)

cos¢

506.82

-1.36

1.589

0.986

—-1.4217

1.2588

38.648

19.92

—-1.4802

96.04

—0.7487
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The gearbox ratio for a six-pole machine with rated load slip s=—1.36% can be calculated as
follows:

] _@_506.82><7z/30
¢ 1.7167

t

=1: 30.92 (2.36)

In the previous calculations, a short-circuited secondary machine has been considered for rated-
load generator operation, with the rated speed in the super-synchronous range (506.82 rpm).

In order to keep the machine working as a generator in the sub-synchronous range (i.e. for lower
wind speeds), a proper voltage should be applied to the secondary winding. Let’s assume that the
wind speed drops to v,=9.8 m/s, according to (2.34), the mechanical power at this wind speed is
1.278 MW. In this case, the turbine angular speed will drop to 1.6333 rad/s and the rotor speed
becomes 482.265 rpm. This speed can be moved to the generator mode speed range (i.e. the
synchronous speed can be virtually lowered below 482.26 rpm), by applying an appropriate
secondary voltage. The new synchronous speed can be calculated as:

| 482.265

nsyninew - (1 . S)

= 475.775 rpm - (2.37)

The corresponding actual slip, based on the original synchronous speed (r,,=500 rpm), is:

nS nc _nS nc __new
§ = nener () 0484 (2.38)

new

nsync

This slip value is substituted into (2.33) to calculate the secondary voltage, obtaining the value
given in (2.39).

U, =2523/90V (2.39)

2.6.1The Results of Comparison between DFIG and BDFRG

The calculation has been performed for the same turbine and wind speed range, as well as the
same rated power of 1.5 MW of machines with six poles on their rotors, BDFRM and DFIM. The
obtained results presented in Figure 2.11 show a great deal of similarity in performance for both
machines.

When both machines, the DFIM and the BDFRM, operate as induction generators, they generate
the same active power (about 1.43 MW). On the other hand, the DFIG absorbs 1.218 MVAr of
reactive power, while the BDFRG absorbs 1.2588 MV Ar of reactive power. In this case, the power
factor and machine efficiency are, respectively: (0.767, 98%) for DFIG and (0.7487, 96%) for
BDFRG.

By applying the calculated control voltage, a new operating point is obtained. The results for the
new operating point when the generators run sub-synchronously are summarized in Table 2.5. In
this case, the BDFRG produces about 50% of its rated power, while the DFIG produces only about
14% of its rated power.
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Table 2.5. Steady-state characteristics at the new operating point

- n, (rpm) L(kA) L(kA) PuMW) | P (kW) n%
954.86 0.3972 0.485 -0.201 1.36 99.3
n, (rpm) 1,(kA) L(kA) Py (MW) | P (kW) 7%
BDFRG
482.26 0.634 0.665 -0.757 15.2 98

It is worth noting that the control voltage calculated above is valid only for the new operating
point; when the wind speed changes, a new calculation based on the new slip is required. The

control voltage to be applied as a function of the wind speed is shown in Figure 2.12.
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Figure 2.11. Results of comparison between DFIM and BDFRM natural (U,, U, = 0) and modified (U,, U; # 0)
characteristics
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Figure 2.12. Control voltage vs rotor speed for DFIM (left) and BDFRM (right)
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Chapter3. BDFRG Control Methods

3.1 Introduction

The control of BDFRG is important for its optimal operation. Regarding the WECS, various
control techniques to extract maximum power from the wind turbine have been reported in the
literature over the years. The most cited control methods are classified in the literature as: scalar
control (SC) [30-33], Vector-Oriented Strategies, which can be primary voltage oriented control
(PVOC) or primary field-oriented control (PFOC) [35-37] and direct torque control (DTC) [30, 38,
39]. These control techniques can be shaft position sensor based or without a rotor position sensor
[40], achieved using different position or speed estimation methods, including Model Reference
Adaptive System (MRAS) [37, 41], or observer-based schemes for speed, as well as torque (and
flux) control [44]. In [43] a new sensorless MRAS control was proposed and evaluated for
inherently decoupled torque and reactive power control.

The three commonly used control algorithms, i.e. scalar control, vector control and DTC would
be further discussed in detail in this chapter.

3.2 Scalar Control

Scalar control, often called V/f control, is considered a simple control algorithm in which the
air-gap flux is kept almost at its maximum value for the best torque production. Thus, to keep the
flux constant, the voltage must vary with frequency and the V/fratio must be kept constant. Sudden
changes in speed and frequency are cause for attention as they can initiate operational instability.
Thus, this control technique is suitable for systems where steady-state, rather than dynamic,
performance is of main concern (such as fans, pumps, compressors, blowers and similar loads) [89].

In order to determine an adequate V/fratio for SC implementation of the BDFRM, the secondary
voltage should be calculated in a flux-oriented reference frame as in (3.1),

ES = RSéS +ja)SAS = RSéS + ja)S(O-LSi_) +ip§) (3'1)

When maximum torque per inverter Ampere (MTPIA) is required, then iy, = 0, resulting in (3.1)
to become:

Es = j(Rsisq + a)sﬂ'ps)_ Ga)sle'sq ‘ (3'2)
For large scale machines, the winding resistances are low, and by neglecting the secondary
impedance voltage drop, which can be proven to be a valid assumption for frequencies near

synchronous speed, the expression for the secondary winding voltage can be simplified as follows:

= jo A, =] L A = J Lnty (3.3)
Zs ]a)r 'ps ]a)r P ‘]COS L @ .
P P P

The secondary voltage reference for a given primary voltage then can be determined as:

(3.4)

“
s s
La)p
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Figure 3.1 shows a closed-loop scalar control method for the BDFRM.

Inverter

Rectifier
DC link

T:

Figure 3.1. A block diagram of the BDFRM drive with closed-loop scalar control

3.3 Vector Control

Vector control (VC) algorithm is considered the common algorithm to control traditional
machines, especially when a fast dynamic response and accurate control is required [90].
Furthermore, applying VC allows decoupled control of active and reactive power produced by the
machine. DFIG systems have been conventionally controlled using either voltage-oriented [91],
[92] or flux-oriented [10], [93] control based on d-g decoupling.

The power relations for primary VOC and PFOC for BDFRG can be derived from the BDFRG
model (2.14) and (2.15) in w, and w, frames. Substituting for i, from the 4, equation of (2.16) and

(2.17) into sp=§ gpL';, the following relationships are obtained [35]:

C()p .
vaoc - 2 ( PSa lSq - ﬁpsql“’)
3w A , (3.5)
Dovoc = Tp (L_p ~Apsbsa ~ ﬂ'psq )

p

There are coupling terms that can be observed from the VOC expressions, since iz and iy, exist
in both active and reactive power relationships of (3.5). The degree of coupling can be reduced by
aligning the g,-axis to the primary voltage vector as shown in Figure 3.2(a). In this case 4, would be
phase shifted ahead of the corresponding d,-axis, depending on the winding resistance which is
generally smaller in large machines and can be neglected.
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o,
pPFoC - 2 PSa 54
3 12 (3.6)
g = lrp i y="2g
Proc 2 L psy sd " pd

The PFOC is achieved if the d),-axis is aligned to primary flux linkage (i.e. 4,, = 0), as shown in
Figure 3.2(b). The most important advantage of FOC over VOC is the inherently decoupled control
of the primary active and reactive power. However, these valuable FOC properties come at the cost
of the flux angle estimation. Furthermore, the winding resistance (R,) knowledge is required,
especially in low to medium power applications [35].

wp
u, v

" @,>0
0 dj}wﬁO

a Za-axis
e (a) Voltage oriented control e (b) Flux oriented control

Figure 3.2. Phasor diagram and reference frames used in the BDFRM equations

3.3.1Machine Side Vector Control (MSVC)

The MSVC scheme is shown in Figure 3.3, including both the inner and external control loops.
The external control loop requires two PI controllers in order to control the primary active and
reactive power independently. Likewise the inner one requires two PI controllers, but to regulate the
d and g secondary current components.

Since the system is symmetrical (i.e. the transfer function is the same for d and ¢ secondary
current, as well as for the active and reactive power), the parameters of PI controllers are the same
for the d-axis and g-axis secondary current loops, as well as for the reactive and active power loops.
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Figure 3.3. Configuration of the VC for a BDFRM machine side converter

3.3.1.1 Inner Loop (Currents Loop)
According to the BDFRM steady-state model, the secondary d-¢ voltages can be identified as:

usd = Rsisd + a)s (O-Lsisd + ﬁ“psd )} (3 7)

usq = Rsixq + a)s (O-Lsisq + /lpsq )

Equation (3.7) is important for the VC algorithm and can be used to calculate the reference
voltage values. Since the flux linkage component is fairly constant, the use of PI current controllers

is justified for this purpose and can be formulated as in [94]:

Uy =PI, —iy) (3.8)
u:q = P[(lv*q - isq)

The current control loop is shown in Figure 3.4 , and hence the corresponding transfer function

can be written as follows:

kP kI
. S+
i, () oL oL (3.9)
i o Rk Lk |
oL, oL,

where, (*) denotes the reference values
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lsdq + k n k[ usdq _ 1 Sdq _
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Figure 3.4. Current control loop of the secondary-side power converter.

Assuming kp << kj, (3.9) can be simplified as a second-order transfer function of the following
form:

k]
isdq (S) _ O_LS . a): (3 10)
i) 2 RAk ko St28esta)’ '
oL, oL,

where ¢ is the damping ratio, which affects the maximum overshoot and response speed. An
optimum damping ratio for classical second-order system is typically considered as 0.707, since it
gives a very small overshoot (less than 5%) with an acceptable settling time. On the other hand, the
undamped natural frequency w, affects the response speed. Hence, the PI controller parameters can
be determined as in (3.11) [95],

k,=Qfw,0cL,—R) , k =woL,. (3.11)

3.3.1.2 Power Loop Derivation

In the case of VOC, the g,-axis of the reference frame is aligned to the primary voltage vector as
presented in Figure 3.2(a). Hence, the flux vector 4, would be phase shifted ahead of the d,-axis,
depending on the winding resistance, which is typically smaller as the machine is larger. Therefore,
VC could be similar to FOC as 4, 24, , 1.€. 4, ~4,, and (3.5) becomes:

PSq> d

3a)p

pPVOC ~ pPFoc - 2 PSa lf‘]

i (3.12)

2, . o, . .
qPVOC ~ qPFOC = TP(L_]; - //i’psd lsd) = Tpﬂ’plpd

Since the primary winding is grid connected at line frequency, the magnitudes of 4, and 4, are
approximately constant. According to (3.12), p, and ¢, are proportional to i, and iy currents
respectively, which means that the use of PI controllers is correct:

i, =PI(g,~q,) } 613

i, =PI(p,—pp)

Because the inner control loops are much faster than the external control loops, the power
converter dynamics and measurement delays would be neglected, as shown in Figure 3.5.
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Figure 3.5. Power control loops of the secondary-side power converter

Transfer functions for the active and reactive power are the same and can be expressed as:

, D, As+1
p _Pp__ A5 (3.14)

&% Py (L+A)s+1
Bk

1

kP

where: 4 =-L
k[

, B=

Assuming that ratio 4 is the dominant term in the denominator (i.e. A= A+1/Bk;), then the
transfer function can be approximated as a unity gain with a poor noise rejection property. Thus, 4
should be very small in order to use a first order approximation of the transfer function and to
determine the PI gains as follows:

©q As+1 1
Lo _2p_ 1 > ~ , (3.15)
Py 9 (4 A)s+1 7,5+l
Bk,
1
ky=——— , k,=dk,, 3.16
1 B(TO—A) P 1 ( )

where 7, is the external loop time constant and should be much larger than the inner loop time
constant.

3.3.1.3 Speed Loop in Vector Control

Vector control is commonly used in the most electrical drive applications owing to the high
quality response provided at fixed sampling rates. The inner loop is to control the secondary dg
current components, while the external one corresponds to the speed control. In this case, the actual
machine rotation is torque based. From equation (2.25) and by aligning the d,-axis of the reference
frame to the primary flux vector (i.e. 4,,=0), the torque expression can be simplified as:
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3FL, .
T; :EL—//LPZW (317)

p

The appropriate torque is developed as illustrated in Figure 3.6.

a)l* +: k +ﬁ iS‘f Ez isq R 3prﬂ‘prs . L Cl)l
T s 2L, Js

Figure 3.6. Speed control loop of the secondary-side converter

The corresponding transfer function for the speed control loop can be written as follows:

®  kyms+km

(3.18)

*

@ §*+kms+km

where m=3P,L,,/(2L, J) . Assuming kp << ki, equation (3.18) can be approximated as a second-
order transfer function, and the controller gains can then be calculated as follows:

2

o, k,m ,
=3 : =2 - 2 (3.19)
o S +kms+km s°+28w,5+w,
2
k, _2¢0, . k= (3.20)
m m

3.3.2Vector Control of Grid Side Converter (GSC)

The main objective of the GSC is to maintain the DC-link voltage between the two converters at
a desired value and to regulate the reactive power exchange between the GSC and the grid. The
power factor of the GSC is usually set to unity (¢,~0). However, it can be used to inject reactive
power into the grid during the grid fault for voltage support [96].

The VOC is selected for the GSC by aligning the d-axis of the rotating frame with the grid
voltage space vector (ug,=0). In this case the grid active and reactive power equations can be
simplified as in (3.21):

p iu
g 2 & 84
(3.21)
qg ——éul
2 88y

It is clear that i, current is responsible for the active power, while the i,, current is responsible
for controlling the reactive power.

Similar to the machine side converter, the control part of the GSC includes two inner and one
external control loop as shown in Figure 3.7.
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Figure 3.7. Control scheme of the grid side converter

3.3.2.1 Mathematical Model of the Current Loops

The voltage balance across the grid filter in the synchronous dg reference frame rotating at e, is
given by (3.21),
ug, —u;, =R, +1L; )f'gd - “’pof'gq ’ (3.22)
Uy, —Uy = (Rf + Lf)lgq + a)polgd
where Ry and Ly are respectively the resistance and inductance of the grid side filter, 1y, and igq,
are the dq components of the grid voltage and current respectively, uy, and iy, are the dg
components of the grid filter voltage and current respectively.

The grid-side converter inner control loop shown in Figure 3.8 has the following transfer
function:

ld . )
,-iq - Rf +k : k zsz+2§a)ns+a)2 (.29)
&g S2 + (u)s +71 n n

Lf Lf

The PI controller gains can be calculated as follows:

{kp - QoL ~R,) .

k, = a)jL_

/
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Figure 3.8. Current control loops of the grid-side converter

3.4 Sensorless Torque and Reactive Power Controller for BDFRM

The basic concept of the DTC control can be established from the torque expression defined
with (3.25), because it shows the relationship between the electromagnetic torque, the secondary
flux (4,), the mutual flux (4,), and the angle (J) between the corresponding phasors [97, 98]:

L
T - 3P, A, %A, _30 Ly sy A siné (3.25)
20L, 20L, L, "
A

ps

It is worth mentioning that both of (4,) and (4,,) vectors rotate at w, as illustrated in Figure 3.9.

Figure 3.9. Phasor diagram in a stationary reference frame

In addition, the secondary flux vector (4,) is ahead of the mutual flux vector (4,,) for motoring
operation, and vice versa in the generating regime as shown in Figure 3.10.
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Figure 3.10. Flux vectors characteristics and secondary voltage vectors in associated n/3 sectors

To better understand the mechanism by which the A, dynamics affect the instantaneous torque
and primary reactive power, two extreme scenarios are inspected under the PFOC conditions (i.e. 4,
= Apa and Aps = Apq ), as in (3.12):

30 A
g, =222 (3~ 4 i) (3.26)
2L P Psq S

p
Let us assume that the machine magnetization is completely performed from the primary side
(isa = 0) and iy, is to be changed from zero to its rated value. The 4; behavior can be observed from
(3.27) and Figure 3.2(b). It reveals a predominant change of Ay, = oL is; = A, sin J and, therefore, 0
in (3.25) with Ay = A = Aps = const is being unaffected.

A Ay

S

i’s = O-LSin + Z(pﬁd‘—i_.]'(O-LSqu + ﬂ/qu‘) ° (3'27)

Hence, increase/decrease in ¢ resulting in increase/decrease of torque according to (3.25). On
the other hand, moving 4 in a desired direction (i.e. 0 change) would not affect g, much according
to (3.26).

Contrarily, if the unloaded machine is considered (i.e. i;;= 0) and i, is changed from zero to its
rated value, it will result in Ay, = 0 and A=A,~ApstoLsisq. Therefore, variations in i; would have a
significant effect on A, and hence on g, (but in opposite direction) according to (3.26). In contrast to
this, it has a marginal influence on ¢ and consequently on 7..

In conclusion, if g, is required to be increased/decreased, iz and, consequently, A, must be
decreased/increased [39, 46, 98].

A structural diagram of the control scheme is shown in Figure 3.11. The reactive power
reference (¢*) is set to achieve the required line power factor, whereas the specific torque reference

T, is commonly generated by a conventional PI speed controller (in drive applications) or a MPPT
controller (e.g. in variable speed WECS) [39, 46].
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Figure 3.11. Structure of the torque and reactive power control

The primary phase measurements are used to calculate the estimated value of torque and the
actual reactive power as in (3.28),

(3.28)

where 4,4, are estimated using

/‘L[’d qu

4, = [, = Ri,, )dt+ [ (u, —Ri, )di (3.29)

The comparators’ outputs (7, . and g .»-), along with information about the secondary flux
sector, can be used to index the relevant look-up tables and determine the appropriate voltage vector
that should be applied to the secondary terminals at any given time.

3.4.1Voltage vectors and their effects

Considering anti clockwise direction of rotation to be positive, note that A, is ahead of 4, in
motoring mode of operation (as in Figure 3.10 ) and /A, is behind 4, in generating mode.

According to (2.12), A, and A, rotate clockwise at sub-synchronous speeds when w,< 0, remain
stationary at the synchronous speed (w; = 0), and start rotating in the negative direction at super-
synchronous speeds when w; > 0. It is noteworthy that by analogy to the DTC case, only the non-
zero switching vectors are used to avoid the speed dependence of the torque controller induced by
paradoxical influences of the same zero vectors at super- and sub-synchronous speeds [99].

Obviously, influences of a particular secondary voltage vector shown in Figure 3.10 on the
dynamic performance of the machine depend on the position of A, at a given time instant. Let us
assume that 4; is located in sector 1 as shown in Figure 3.10 and that the BDFRM is operated as a
motor, then either U, or Us would move A, anti-clockwise (positive phase shift) increasing both the
angle ¢ and instantaneous torque (7%), as presented in (3.25). On the other hand, Us or Us would
move A, clockwise resulting in the ¢ and 7, to decrease. In summary, one can conclude that If 4 lies
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in the ky sector, then the application of voltage vectors Uy or Ui, would increase torque, while
U1 or Uy, would decrease it [39].

It is obvious from Figure 3.10, that the vectors U, U, or Us will increase the values of 4,; = /s,
which will in turn increase the reactive power contributed by the inverter. This means reduction in
the g, required to establish the machine flux. In contrast to this, any of Uz, Us or Us will have an
opposite effects (i.e. will decrease Asq), which will in turn increase the amount of g, to be taken from
the grid.

In summary, it can be therefore said that if the secondary flux vector is located in the &, sector,
then the voltage vectors Uy, Uj+1 or Uy will reduce g, while Upo, Uz or Uy will increase g,,.

The switching table for active voltage vector selection is shown in Table 3.1 in accordance to
negative and positive torque and reactive power deviations. This switching strategy ensures that 7,

and g, are controlled within the hysteresis bands (T :ﬂ:AT , q; iqu).

Table 3.1. Selection of active switching states

Deviations Sector
T o Gp.er 1 2 3 4 5 6
> AT, > Aqg, Us U, Us Us U, U,
> AT, <-Ag, U, U; U, Us Us Ui
<-AT, > Ag, Us Us U, U, U; U,
<-AT, <-Ag, Us U, U, Us U, Us
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Chapter 4

Modeling and Control of BDFRG under
Unbalanced Grid Conditions
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4.1 Introduction

Most of the wind turbines are connected to weak grids where unbalanced-load distributions are
usually not corrected. A major cause of an unbalanced voltage is typically unsymmetrical loads that
are applied to all three phases (i.e. the loads are not symmetrically distributed among the three
phases). Unbalanced voltage problems also appear in large public power systems where single-
phase lighting loads are common in large commercial facilities [55]. Furthermore, an unbalanced-
voltage may also occur due to unequal transformer windings or transmission impedance, and many
other causes [100].

Presence of negative-sequence components in the grid voltage poses serious problems to wind
generators including unbalanced primary currents, current harmonics at the secondary side, unequal
heating or hot spots in the windings [58] which degrade the insulation and reduce windings life
expectancy [59, 101]. The interaction between negative-sequence voltage and positive-sequence
current also cause power and torque pulsations, which may cause extra mechanical stress on the
drive train and gearbox [60-62] and increase acoustic noise, too. Hence, studying the performance
of wind generators under UGVCs and designing a suitable control algorithm are very important
tasks.

This chapter presents the main aspects, mathematical model of a BDFRG under UGVCs and the
advanced vector control strategy developed for UGVCs. An extended vector control algorithm is
used to control both the positive and negative sequence components of the secondary currents
independently. The model of the machine under unbalanced primary voltage is developed in the
positive and negative synchronous reference frames, and then used to derive the control form
relationships between torque, active and reactive power, including positive and negative
components.

4.2 Mathematical Model of BDFRM under Unbalanced Grid
Voltage Conditions

Every non-symmetrical three-phase system can be represented by three symmetrical three-phase
systems: direct, inverse, and zero sequence system. Due to the isolated neutral point of the BDFRG
winding, the zero system voltage does not affect the performance of the BDFRG. Hence, any vector
can be represented as the sum of the positive and negative components [55, 61, 102] as shown in
Figure 4.1.

In the case of unbalanced grid voltages, all primary variables (voltages, currents, and fluxes) can
be represented in a stationary (af) reference frame as follows:

_ 1 @) J(-@,t+r,)
F,=F,e +F e , 4.1)

where F,; and F,, are the modules of the positive and negative sequences respectively, while ¢'f,
and ¢ p, are their initial angular positions. Transforming (4.1) into the primary reference frame (by
multiplying with e7“”') leads to:

.+ .= _ 2 _ _ 2
F,=F " +F "¢ ™" =F +F ", (4.2)
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where F', and F, are the positive and negative sequence components of F, in the respective

positive and negative reference frames rotating at w, and —w,, respectively.

In the same manner, any secondary winding variable represented in the space vector form in the
of reference frame under unbalanced grid voltage conditions can be expressed as:

E =F e]((a)r*wp)t+¢f‘s) +F;Ze]((wr+wp)t+¢Fs) , (43)

Sy DI

where F§; and F;, are the modules of the positive and negative sequences, respectively, and ¢+Fs and
¢ rs are their initial angular positions.
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Figure 4.1. (a) Three-phase unbalanced voltage instantaneous values with 10% Voltage Unbalance Factor (VUF) (b)
three phase vector diagram of the distorted waveform (c) positive sequence, and (d) negative sequence. Negative
sequence voltage magnitudes are 10% of positive counterparts at the same frequency.

—jwst

By multiplying equation (4.3) with e
reference frame:

, this equation will be transformed into the secondary
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F,=F" +Fe"e™ =F +F,e"", (4.4)

where F'y and F are the positive and negative sequence components in the respective positive and
negative reference frames rotating at (o, — w,) and (@, + w)), respectively as illustrated in Figure 4.2.

o, + 0,
Y PR
d\
q, A A _
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+ \ / d N\’
q, \ S
\\\ // L ‘\a)v =, _a)/;
/ d
iy 4%
\4
S
\
\ /’? Hp 0:\

4,
Y
— a)p
Figure 4.2. The reference frames used for the BDFRG model under unbalanced conditions

It is worth noting that the positive sequence equations are similar to the space vector model
under balanced conditions given by (2.19) and (2.20) [61]:

. , (4.5)
u, =Ri; +—="+ j(0,-w,)A,
where
Ar=Li +L i
_f p._+p : ._+* (46)
&s = les +Lps£p
Likewise, the negative sequence model can be obtained as follows:
1’—‘; = Rpl; +—=- _ja)pi;
¢ : 4.7)

di -
+—+ j(o. + o)A
5 J(o,+w,)A,

where
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—k

{4,, =L,i,+L,i,

B B B (4.8)
is = Lsis +Lps£p

Using the aforementioned space vector equations, the dg equations for the positive sequence can
be derived as follows:

+ + ﬁ“;d +
upd Rplpd + dt a)plpq
. : (4.9)
+ + pq +
u, =R, + % +a)pﬂ,pd

t
N ) (4.10)
+ + Sq +
u, = Rszw +_a’t +(o, - @, A,
where the fluxes are expressed as follows:
;t{d = Lpz.'ijd +Lp5§d} @.11)
ﬂ’pq = Lplpq - Lpslsq
ﬂ’s-; = Lsi;d + Lpsi;d (4 12)
/1s+q = Lsi;z - Lwi;q
Likewise, the negative sequence dq equations can be obtained as follows:
. . dA, _
u,, =R, + d:d +w,4,
i , (4.13)
;q = Rplpq + d;q - a)pﬂ“;d
dA
u,=Ri,+—2— (0. +w)A,
K s"s dt r /7 sq
A , (4.14)
u, =Ri, +—d‘“’ +(o, +w,)4,
t
and
A, =Li +L i
o } @.15)
ﬂ’pq = Lplpq - Lpslsq
Ay =L, —L,i,

46



Chapterd4. Modeling and Control of BDFRG under Unbalanced Grid Conditions
4.2.1Power and Torque Equations

The power and torque expressions can be derived by substituting the dg positive and negative
components into the following general power and torque expressions [61]:

Pps = %Re{zp,sf;,s}
; N (4.17)

9ps = Elm{zp,s z,,,s}
T;j%ﬂ{ipz;—&;z,,}, (4.18)

where p,, and ¢, are the active and reactive powers for the primary and secondary windings
respectively. The resulting powers and torque can be expressed as in [61, 103]:

p, =P, +Rsin2w 1)+ P, cos(2w,t) }

. (4.19)
q,=0.,+0 smwt)+0,cosLw t)
P P P
where
_u+ it
+ + - - pd ot + _ - sd
va 3 ﬂpd ﬂpq ﬂ“p ﬂ’pq ™ upd upq upd upq it
— - - _t + rq - - + + 5q
Pl - 2L Pq j’pd ﬂ“pq ipd u- +Lps Upg Upa Upg Upa i > (4‘20)
P - + + pd - - ot + sd
F; ﬂpd /11%1 j’pd qu u- upd upq upd upq -
L pq 59
+ .
Y L A L L | ke —ut —ut, —u —u Iy
Qav 3 Pq pd 12 pd u’ rq pd Pq pd || 5+
— - - _ + _ + pq - - _ + + sq
1| 2L pd /1pq ﬂpd ﬂpq u—d +Lps upd upq upd upq i_d (4'21)
- - o+ + p T T ot o, 5
2 ’ }“pq Apd ﬂ“pq /1pd - upq upd upq upd i
[ Y Lsg

It can be observed from (4.19), (4.20) and (4.21) that there are DC components P,, and Q,,,
together with the oscillating terms at twice the grid frequency, Pisin(2w,t), P>cos(2w,t) and
Oisin(2wpt), Orcos(2w,t), which indicate the effect of negative sequence components.

The electromagnetic torque expression for the BDFRG under unbalanced conditions can be
obtained by substituting (4.2) and F=F+jF, into (4.18), resulting with (4.22),

T,=T, +T sinw,t)+ T, cos(2m,t), (4.22)

where

+ - - sd
Tav 3PL ﬂ“;q ﬂ’pd ﬂ’pq /lpd -+
T

rps - - + + ls
= _2L P _)“pd ﬂ’pq ﬂ’pd _;tpq iiZ (4.23)
P - - + + K
T2 ﬂ“pq ﬂ’pd ﬂ’pq /lpd -

lsq
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Apart from the fundamental component 7,,, there are two additional oscillating components at
2w,. One can conclude that the unbalanced grid voltage causes the appearance of pulsations in the
power and torque waveforms.

4.3 Methods for Real-Time Separation of Positive and Negative
Sequences

In order to obtain the positive and negative sequence components, the real-time separation of the
positive and negative sequences is required. Furthermore, the effectiveness of the proposed control
method highly relies on the accurate separation of positive and negative sequences in real-time.

Generally, there are four methods reported in the literature: analytically based method [61],
“Signal delay cancellation” [4], and filtering methods, i.e. low-pass filters [4] and notch filters
(band trap, band-stop) [67]. Any of these methods can be used for this purpose.

The first method, which is an analytically based method, derived on the fact that F"y, ', and
F'y, F'y, represent the DC components of Fyy, F,, Fis and Fy, because frequencies of F', and F'
are respectively equal with the frequencies of dg, and dg; frames (i.e. F pa, F'py and F'sy, F'y, are the
mean values of Fy, Fyy, Fsqand F).

The real and imaginary parts of (4.2) and (4.4) can be expressed as:

F,=F,+F, cosQo,)+F, sinw,t) (424)
F, =F, +F, cosQao,t)-F, sin(2w,t) ’
F, = F{, + RE, cos(2m, t) - FSE s.in(2a)pt) , (4.25)
F,=F,+F_cos(Qw,)+F,sin(Qw,t)
where F +pd, F +pq and F Zd, F+Sq represent the DC components of Fy, Fy, Fyq and Fy:
Fra= ol (4.26)
F;q = Fpq
F+ :fs
o T (4.27)
F;; =Fy
where F,;,F,,, Fyq and Fy, are the mean values of Fpq, Fpg, Fia and Fy,, respectively. From (4.24)

and (4.25), the negative sequence components can be obtained as follows:

F,, =(F,, —Fpa)cos2w )~ (F, —F y)sin(2e,1) 429)
F, =(F, —Fp)cosLo, )+ (F,, —Fpa)sin(2o,r)
F,=(F, —I_TSd)cos(Za)pt) +(F, —I_TJAq)sin(Za)pt) (4.29)
F, =(F,—Fsy)cosQLw,t)—(F, — Fsu)sin(Cw,t)
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“Signal delay cancellation” described in [4], is the second method. In this method, the abc
system is firstly converted to the stationary af reference frame, and then it is delayed for 774 as
formulated below:

F,@®)| |E;(O)+E, )| | F cos(at+¢")+F cos(—wt+¢)
R M R h A, (4.30)
Fy(0) F () +F, (1) Frsin(wt+¢" )+ F sin(—at+¢")
T
F=D1 T Fsin(or+¢7)— F-sin(or +¢) 431
T | —F" cos(wt+¢")+F cos(—wt+¢") '
Fylt=7)

From (4.30) and (4.31), the positive and negative sequence components can be calculated as
follows:

_F; (t)_ 1 0 0 -1 Fa (t)

;O 110 11 0 F,(0)

F@l 2[1 0 0 1 |E@e-T/4 (4.32)
Fy (1) 0 1 -1 0] F@-T/4

The positive and negative sequences in the stationary of reference frame will then be
transformed into positive and negative dg sequences using:

F;(#)| | cos@ sin@ || F/ (1) 433
E' () | —sin@ cosé NG (433)
F ()| |cos@ —sind| F, (1)

{Fq_ (t)} - Lin 0 cosb }{F A (t)} (439)

The third and fourth method are filtering-dependent. The positive (negative) Park’s
transformation is applied to variables F' in the abc system to produce variables F in the positive
(negative) dg synchronously rotating reference frame. It is well-known fact that negative sequence
components manifest themselves as second-order harmonics in the positive dg synchronously
rotating reference frame according to (4.2), and vice-versa for the positive sequence components.
Hence, a low-pass filter [4], or notch filter [67] can be used to separate positive and negative
sequence components in real time.

The results of applying the aforementioned separation methods are presented in Figure 4.3. The
results show that without the four listed separation methods, second-order harmonics appear in the
dq positive synchronously rotating reference frame.
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Figure 4.3. Unbalanced voltages in positive dg reference frame with and without using the separation methods (a)
positive d component (b) positive ¢ component.

4.4 Conventional Vector Control Strategy under Unbalanced Grid
Voltage Conditions

In order to demonstrate the performance of the conventional vector control presented in section
3.3 under unbalanced grid conditions, simulations of the dynamical model are conducted. The
following test is performed:

- The machine started as a slip-ring-induction machine (i.e., with the shorted secondary
winding) until it reaches the steady synchronous speed of 500rpm, then the control is
enabled at # = 60 s, with a super-synchronous speed reference set to 600rpm. After reaching
a steady state, 10% VUF was introduced at 80 s and terminated at 100 s. The system
response to the conventional single PI current control design to a given period of unbalanced
operation is shown in Figure 4.4.

- The MTPIA objective is selected by adopting i,; = 0. This approach minimizes the
secondary current magnitude, and hence reduces both the copper and converter losses, for a
given torque.

With the conventional VC, the primary current becomes unbalanced in the presence of grid
voltage unbalance as clearly be noticed in Figure 4.4(g). In addition, the secondary currents contain
both the fundamental component of 10 Hz and the harmonic component of 110 Hz, as presented in
Figure 4.4(h). Although the averaged torque, active and reactive powers were regulated, significant

torque and powers oscillations are still observed as clearly seen in Figure 4.4(d), Figure 4.4(e) and
Figure 4.4(%).

It can be concluded that during grid voltage unbalance, the positive sequence components are
well regulated by common PI controllers, while the negative sequence component cannot be fully
regulated due to the controller’s limited bandwidth. Therefore, conventional VC without backward
sequence control is not able to solve problems caused by the unbalanced grid voltage and
consequently gives an unsatisfactory performance.
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Hence, the extension of the conventional VC should be performed with additional negative
sequence current controllers for BDFRG secondary winding, which is leading to the development of
a new and original control algorithm, presented in the next section
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Figure 4.4. Simulated results with conventional control under transient primary voltage unbalance of 10%VUF during
80-100 s, with a constant rotor speed at 600 rpm; (a) primary voltage profile; (b) transient transaction period between
normal and unbalanced condition; (c) speed curve of the BDFRG; (d) electromagnetic torque; (e) primary active power;
(f) primary reactive power; (g) Transient transaction period between normal and unbalanced condition for the primary
current; (h) transient transaction period for the secondary current.

4.5 Extended Vector Control Strategy under Unbalanced Grid
Voltage Conditions

The negative sequence controller design is similar to the positive controller design. The
controller uses a standard PI controller with decoupling and feed forward control loops to generate
the reference current vector. Under unbalanced conditions, the positive and negative sequence
components were completely decoupled as shown in (4.9)—(4.16), and thus the BDFRG can be
controlled in dg positive and negative reference frames independently.
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Choosing appropriate reference values for the controller is a key point in the design of the
auxiliary controller. In the following, different control targets for the controller design are
described, where each target uses a unique reference value. There are four secondary current
components, i.e. i ods i+sq, i sa, and i g, to be controlled. Apart from the average primary active and
reactive power, i.e. P,,, and Q,, in (4.20) and (4.21), two more parameters can be controlled. Hence,
there are four selectable control targets that can be addressed [67]. Using the FOC approach by
aligning the d",-axis to A,, i.e. 1',, = 0, the secondary reference current can then be calculated for
each selectable control target, as further elaborated.

e Target I. Balancing primary currents to ensure uniform heating in the primary winding.

The balanced primary currents imply that i ,; = 0 and i ,, = 0. According to (4.15), the negative
sequence primary current can be expressed as:

i — ﬂ“‘;d _Lpsi;d
pd L
o (4.35)
i = JVP‘] + LPSZS‘I
prq L

P
And hence the reference negative sequence secondary currents can be defined as:

. R
i, = L"”’ , i, = 7 ra (4.36)

ps ps

In this case, the converter intentionally injects the backward sequence currents into the
secondary winding to repress the corresponding components in the primary.

e Target II. Providing constant torque to reduce mechanical stresses on the turbine system.

The reference values are set to eliminate the torque pulsating terms presented in (4.23), i.e. T} =
T, = 0. This condition can only be achieved if the BDFRG is controlled with the reference currents
formulated as:

— o+ — .t
T — 0 = i * — /Ipdlsd _/Ipqlsq
1 o,

sd j,;d
(4.37)
,=0 = i = _(—ﬂ;di;q t%qi;")
A

e Target III. Eliminating the double-frequency pulsations of the primary active power.

In this case, the oscillating terms of the primary active power in (4.20) should be zero. This can
only be achieved under the following conditions:
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" /1;01 _ Lp (u;qu;q _u;du;d) . (u;du;q +u;du;q) it
sd Lps Lps u;; N u;; pd u;; N u;; Pq
(4.38)
_ Lp (u;du;d _u;qu;q) it (u;du;q +u;du1_iq) | ﬂ’;q
oL e, T g, ) L

e Target IV. Eliminating the double-frequency pulsations of the primary reactive power

The reference values are set to eliminate reactive power oscillatory terms. In this case, the
oscillating terms of the primary reactive power in (12) should be zero i.e. O; =0, = 0. This can only
be achieved under the following conditions:

- + - + - + - + -
- lpd Lp (updupd upqupq) -+ (updupq +upqupd) -+
=———, 1 pd + 3 2 1

sd +Z +2 + + rq
Lp? LPS u pd +u g upd + ul’q
(4.39)
+ .- + .- + .- + - -
. Lp (updupq + upqupd) o+ (updupd — upqupq) itl= ﬂ“pq
sq ) 42 pd 42 +2 prq
LI’S upd + upq upd + upq LI’S

e Target V. Eliminating the secondary currents pulsations.

The reference values in this case are set to eliminate the negative sequence secondary current.
The most straight-forward approach of mitigating the secondary current oscillations is setting the
negative sequence secondary current references to zero:

i, =0

o (4.40)
Iy, =

According to the previous discussion, a new control algorithm is proposed as shown in Figure 4.5.
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Figure 4.5. A block diagram of the proposed control strategies under unbalanced grid voltage conditions (sign "*"
denotes reference values).

In order to achieve an accurate reference frame transformation, the PLL must only recognize the
positive sequence primary flux. Therefore, a notch filter is used and tuned at 2w, to remove the
negative sequence components (Figure 4.6 ).

A i +
pa A A 0
—> Pq |Notch filter| 74 1 P
21— op dq 2w,) 50— Pl | —>
B @
Y 4
4k
lpq =0

Figure 4.6. Block diagram of the phase-locked loop (PLL).

Once the angular frequency w, and position 6, of the positive sequence primary flux are
detected by the PLL, primary currents and flux in the stationary af frame can be transformed to dq;
and dq , rotating reference frames. Likewise, the secondary current will also be transformed to dq’
and dg ; reference frames.

4.6 Simulation Results
The simulations of the proposed control algorithm are implemented in Matlab/Simulink using
the parameters of a 1.5SMW BDFRG-based WECS given in Table 4.1. The rated DC-link voltage is

set to 1200 V and a standard Space Vector Modulation (SVM) with a switching frequency of 4 kHz
is used. In order to achieve the MTPIA objective for the main controller, i, is set to zero.
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Table 4.1. BDFRG parameters

Parameter Value
Rated power (MW) 1.5
Line voltage (V), frequency (Hz) 690, 50
Rated speed (rpm) 600
Primary/secondary, rotor poles 8/4, 6
Primary winding resistance (£2) 0.007
Primary inductance (H) 0.0047
Secondary winding resistance (Q2) 0.014
Secondary inductance (H) 0.0057
Magnetizing (mutual) inductance (H) 0.00475
BDFRG and wind turbine inertia constant H (s) 2.6

Under regular grid conditions with slight voltage imbalance, the system could be regulated with
a conventional controller, while the negative sequence current controller is disabled. When the
voltage unbalance is detected, the auxiliary controller (i.e. negative sequence current controller) will
instantly be enabled and the negative sequence reference currents are generated subjected to the
selected control target. The positive and negative sequence reference currents are passed to the main
and auxiliary PI controller to generate the required secondary control voltage.

Initially, the system runs under balanced conditions with the BDFRG being started as a slip ring
induction machine (i.e. with the shorted secondary winding). After reaching the steady-state, the
conventional FOC is enabled, and a 10% voltage unbalance is instigated at 80 s time instant. Figure
4.7-Figure 4.10 show a comparison of the responses obtained by conventional vector control and
the proposed control design in different modes based on the selected target. Following the
unbalance inception at 80 s, the conventional design cannot provide a sufficient control of the
negative-sequence currents, resulting in significant active power oscillations and unbalanced currents
in the primary winding. On the other hand, with the proposed control design, the negative sequence
currents are completely controlled according to the Target I requirements as illustrated in Figure 4.7.
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Figure 4.7. Simulation results comparison during voltage unbalance of 10% starting at 80 s with Target I for balancing
primary currents (a) primary current; (b) positive components; (¢) negative components
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Figure 4.8 shows that the torque oscillations can be mitigated with the proposed control design
applying Target II. It is worth noticing that torque oscillation is the most concerning issue during
grid voltage unbalance [67]. According to (4.21) and (4.23), the primary reactive power pulsations
are also suppressed.
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Figure 4.8. Simulation results comparison with Target II for torque and reactive power ripple elimination (a) torque
response; (b) torque components; (c) primary reactive power

It can also be seen that with the proposed controller, the operation of the system is much

smoother with reduced primary active power pulsations according to the Target III requirements as
shown in Figure 4.9.
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Figure 4.9. Simulation results comparison with Target III for primary active power ripple elimination(a) Primary active
power response; (b) Active power components

As described in (4.4) and Figure 4.2, under unbalanced conditions, the secondary current
contains both the fundamental component of 10 Hz (positive slip 60 Hz-50 Hz) and the harmonic
component of 110 Hz (negative slip 60 Hz +50 Hz), which can be eliminated by applying the
proposed control with Target V. Thus, the secondary current immediately becomes harmonic free as
it is clearly observed from Figure 4.10.
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Figure 4.10. Simulation results comparison with Target V for secondary currents harmonics elimination (a) secondary
current; (b) positive components; (c) negative components

In order to evaluate the control targets under consideration, they have been applied sequentially
as shown in Figure 4.11(a). For all four control objectives, P,, and Q,, are controlled to be constant.
As a result, the positive sequence components, i',q, and i 'y, remain constant, too. With Target I,
i pag Was controlled at zero. The values of i ,4, increased during Target II and Target III. In contrast,
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these values are partially controlled during the Target V period due to the indirect coupling between

the primary and secondary currents.
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Figure 4.11. Simulated results with 10% primary voltage unbalance: 90-100 s: Target I; 100-110 s: Target II; 110-120
s: Target III; 120—-130 s: Target V; (a) primary negative sequence currents; (b) electromagnetic torque

Figure 4.11(b) shows that by applying the proposed control strategy with Target II, the BDFRG
generation system can be improved by eliminating the double-frequency pulsations of
electromagnetic torque. On the other hand, significant pulsations can be observed during the Target
III period and relatively lower pulsations can be seen during the Target V period.

According to (4.21) and (4.23), the pulsation of primary reactive power would diminish when
the pulsations of the electromagnetic torque are eliminated as clearly seen from Figure 4.12(a)
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Figure 4.12. Simulated results with different control targets: 90—100s: Target I; 100—110s: Target II; 110—120s: Target
IIT; 120—-130s: Target V; (a) primary reactive power; (b) primary active power

Further reduction of active power oscillations is

achieved with Target III, as shown in Figure

4.12(b). Moreover, increased oscillation can be observed during the Target II period.

Figure 4.13 shows the behavior of the secondary current under different control targets.
Obviously, with Target V, the negative sequence components are completely eliminated. On the
other hand, the negative sequence secondary current cannot be completely eliminated during the

rest of the considered targets.
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Figure 4.13. Simulated results for the secondary negative sequence currents with different control targets: 90—100s:
Target I; 100—110s: Target II; 110—120s: Target III; 120-130s: Target V

Table 4.2 recaps the following metrics for different control targets: the primary currents
unbalance (i.e. the deviation from positive sequence value), total harmonic distortion of the
secondary current, pulsations of the electromagnetic torque, and pulsations of the primary active
and reactive power.

Figure 4.11-Figure 4.13 and Table 4.2 clearly show that with the controller set to Target I, the
primary current unbalance became very low (about 0.8%) compared to the result equal to 24%
achieved with conventional control design. When it is switched to Target II at 100 s, the torque
pulsations are practically eliminated (about 0.6% left), as well as the primary reactive power
oscillations. When Target III was chosen at 110 s, the primary active power pulsations have been
mitigated to 2.1%. At 120 s, when the controller was set to Target V, the secondary current

immediately became harmonic free (110 Hz), and the total harmonic distortion (THD) factor has
been reduced to 0.7%.

Table 4.2. Comparisons of different control targets with conventional control

Target I II I A% conventional
1, unbalance (%) 0.8 11.3 10.3 5 24
I, distortion (%) 4.5 10.3 13.8 0.7 22
T, pulsations (%) 11.2 0.6 24 10.7 +27
P, pulsations (%) 14.5 22 2.1 13 +28
0, pulsations (%) 28 0.4 34 26 +42

One can conclude that by using the aforementioned control design objectives, it is not possible
to achieve more than a single control objective simultaneously. Therefore, to achieve optimal
performance under UGVCs, the proposed control strategy should be optimized.

In order to evaluate the performance of the proposed control under variable speed and loading
conditions (Figure 4.14), the speed mode change from super to sub-synchronous is analyzed. The

test is conducted with the MPPT.
The BDFRG control response to reference speed and associated load in a narrow range around

synchronous speed are shown in Figure 4.15-Figure 4.17.
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Figure 4.14. Speed reduction from 600 rpm to 400 rpm

Under Target I, the primary current remained balanced during the transient and the new steady
state as clearly seen in Figure 4.15. Good torque response can also be observed from Figure 4.16(a)
during the transient transaction period between super- and sub-synchronous speeds according to
Target II. In addition, the reactive power remained constant which is expected under the MTPIA.
During the speed change, the primary active power is well controlled according to the Target III
requirements as shown in Figure 4.16(c¢).

Furthermore, Figure 4.17 shows a phase sequence reversal from super- to sub-synchronous
speed mode with good performance under Target V.
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Figure 4.15. .(a) Primary current response to reference speed dependent load variations (Target I); (b) transient response
of the primary current; (c) steady state of the primary current
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Figure 4.16. (a) Electromagnetic torque response to reference speed dependent load variations (Target II); (b) primary
reactive power (Target I); (c) primary active power (Target III).
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Figure 4.17. (a) Secondary current response, showing a phase sequence reversal in from super- to sub-synchronous
speed mode (Target V); (b) transient response of the secondary current; (c) steady state of the secondary current

4.7 BDFRG Vector Control Optimization under Unbalanced Grid
Conditions

As it can be seen from section 4.5, the reference values for secondary currents can be set to
achieve only one pair of objectives at a time out of the total of five objectives. Therefore, an optimal
control strategy is required to comprise all the aforementioned objectives simultaneously, which is
leading to the development of a second new and original control algorithm within this thesis.

In the proposed optimal control algorithm, the controller's reference values are selected using a
multi-objective optimization (MOO) method. A weighted-sum approach is used to convert multiple
objectives into a parametric single-objective cost function.

4.7.10verview of the Multi-Objective Optimization (MOQO) Formulation

The general MOO problem can be stated as follows [104, 105]:

Minimize: F(x) = [F(x), F,(X), ..., F,(x)]"
: , (4.41)
subject to:g,(x) <0,/ =12, ... , m

where £ is the number of objective functions and m is the number of inequality constraints.

The aim is to define the reference values for negative sequence dgq secondary currents in order to
minimize negative sequence terms of secondary current, negative terms of primary current,
oscillatory terms of torque, and oscillatory terms of active/reactive powers, simultaneously.

The most widely-used method for multi-objective optimization is the so-called weighted sum
method. Using the weighted sum method to solve the problem in (4.41) requires choosing scalar
weight coefficients w; and minimizing the composite objective function in (4.42):

U=2 whx) (4.42)

i=1

One may set the weight coefficients to reflect objective-importance directly, but this way can
lead to difficulties. This difficulty arises because the relative magnitudes of the terms w;F; in (4.42)
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dictate the solution to the weighted sum, not just the magnitudes of the functions or weight
coefficients alone. In addition, the value of a certain weight coefficient is significant not only
relative to other weight coefficients but also relative to its corresponding objective function [105].

In the given optimization problem, three weight coefficients are considered:
e The first weight coefficient is the scaling factor and is considered for all objectives as:

w,=1;i=1,..,10. (4.43)

e The second weight coefficient represents the importance of the objectives in the
optimization based on an expert opinion. The optimization of particular terms may be of
higher importance. For example, for WECS that are often installed in remote areas with
weak grids, the system power quality may be of lower priority than the torque, and the
system longevity is of higher importance [106]. For this purpose, coefficient 2 is
assumed for the secondary current and torque, and coefficient 1 is considered for the rest
of the objectives:

v :{2; ief{1,2,7,8} (4.44)
1, else
e The third weight coefficient, which is considered only for negative sequence secondary
and primary currents, represents the sensitivity of P, Q12, and T;, variations due to
changes in iy and i, [106]. The sensitivity of P>, Qi,, T2 and i, variations due to
changes in i’y can be determined from (4.20), (4.21), (4.23) and (4.35) respectively:

3L
A e W TR
v 6, o, 2L, (4.45)
SP2 = §f)2 + §f)2 = 3Lps (—MJr '|‘1/l+ )
voosiy, oi, 2L, Mo
S9 = oG, + o0 _ oLy, (—u’, +u’)
voooi, o1, 2L, MM .46
4.46
5o 9% 00 Sy (~u’ —u’,)
boooiy  oi, 2L, M7
In the primary field orientation (PFO) frame, A,y = 1", and A’,, = 0:
Sh = 5Tl + 5T1 — 3Pers +
voooiy oi, 2L, 7
, (4.47)

SZ:Z = 5Tz +5T2 = 3Pers +
v s, oi, 2L, "

P

61



Chapterd4. Modeling and Control of BDFRG under Unbalanced Grid Conditions

o _ 51'1;1 N 51’;0, _ _ﬁ

s oi, 5lw L, (4.48)
ng :%_’_%:i

Y 51; L,

Sensitivities of the oscillatory parts of the active and reactive powers corresponding to the
negative sequence primary current are as follows:

s oR
Si, Oi, 3 . |
S:] :§_X_d+ ._q :_(upd _upq)
Ol Oiy, 2
oi, Oi_
R : (4.49)
or,  oh
P _ é‘l;d lxq _ 3 + +
Si; —?;d y}zq——(upd +upq)
siy, o,
60, 00
Siy, O, 3 .
Slgl =5_id ._j:_(upd +upq)
’ Iy Oy 2
oi, Oi,
sd sq (450)
50, 99,
S?Z :5.—_(14'5.—_(]:—(1/[17‘] —Llpd)
" Ol Oy 2
oi, Ol

Equations (4.45)-(4.50) denote that any rate of reduction in the secondary and primary currents
decreases the other portions of the objective function. Thus, for minimizing the objective function, a
reduction in negative sequence secondary and primary currents is more significant than the other
objectives. Therefore, the third weight coefficient for negative sequence secondary and primary
currents can be considered as follows:

i 3Pers + Lps + + Lps
wy =( oL , oL (u,, —u,.)+ L 1, (4.51)
i 3 + +
wy :E(u”d +u,,)+1 (4.52)

For the rest of the objectives, the third weight coefficient is considered to be 1. The resulting
multi-objective function can be obtained as follows:

U =W W, T3+ W,B+ W P W, 0+ W03+ Wi+ Wi Wi+ Wi ® (4.53)

where;
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W1 = (""1,1""'2,1""3,1)T1 =2, Wz = (""1,2“’2,2“’3,2%2 =2, W3 = ("‘}1,3“)2,3"‘/3,3)191 =1, W4 = (“’1,4""2,4"‘}3,4)192 =1

W= (W1,5W2,5W3,5)Q1 =1, We = ("Vl,ewz,ewz,e)Q2 =1

3ELPS + 3LPS + + Lps
W7 :(1/1/1’7W2,7M/3’7)l; =2 (Z lp“l‘ 2Lp (upq —Mpd)-l- Lp )+1
( ) 2 (3RLps‘ ﬂ,+ +3Lps ( + + ) Lps ) +1
W, =(WmWy,). =2| (—= ut —ut )+
TR, 2L, 7o2r, M YL

3 3
W, = (W1’9W2’9W3,9)i;p = E(”;d tu, )+l , W, = (W1,10W2,10W3,10)i;p = E(u;d +u,,)+l

In the utility function U, undesirable effects of negative sequence currents, torque and power
oscillations are determined according to their absolute size, not the positive or negative signs.
Therefore, the power of two or the absolute value of the objective functions F;(x) should be used to
turn the problem into an unconstrained optimization problem.

In order to find the optimal reference values of iy and iy, the gradient of U in (4.53) is
equalized to zero, yielding a closed form solution for global optimum.

VU_=0, VU_=0 (4.54)

Ias lqs

The secondary current references can be deduced as follows:
(L, Qu,, +3u,u, +3u, u, +

182, ) 2w, +182 > o, +

+ 49— 2 + 9= -+ 2

I* i 9Lpsﬂ“pﬂ’pdldspr a)p _9Lps/1pﬁqplqspr a)p)) (4 55)
ds — B 24942 2 2 42 7 ’ .

(0,9L, A" p,” +36L ‘“u,,~+

2+ 2.+ 2 2, +
3Lps Uy, +36Lps u,, +3Lps u, +

2 + +
2L, +6L LA 'p, —6L, Lu,, +

ps—pTTpLr psp~ pd

+ 2
(6L, L +4L, L, +4L,%))

psppPq

—~(L, (184, > 0, =3u -, —

rqpd p

-+ - -+ 2
Suu,, —2u,, +184, u, ‘o, +

P9~ pq
I* _ 9Lpsﬂ“;2’;:di;pr2a)p + 9Lpsﬂ';ﬁq_pi;vpr2wp )) (4 56)
@ [(@,(9L, > A p,> +36L “u’ .’ + '

2.+ 2.+ 2 2+
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In order to implement the optimized control strategy, the secondary reference currents calculated
in (4.55) and (4.56) are used. The simulation results presented in Figure 4.18-Figure 4.20 prove that
the proposed optimized control method can significantly enhance the control and operation of the
BDFRG system under UGVCs. From Figure 4.18, it can be clearly observed that the negative
sequence components of the primary current are mitigated as soon as the optimized controllers are

enabled.
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Figure 4.18. Simulation results with the proposed optimal algorithm: (a) primary current; (b) dq components of negative

sequence primary current

From Figure 4.19 (a-c), it can be seen that compared to conventional design, the optimized
control system results in much smoother operation with oscillations of the torque, reactive and
active power all being fairly reduced simultaneously.
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Figure 4.19. Simulation results with the proposed optimal algorithm: (a) electromagnetic torque; (b) primary reactive

power; (c¢) primary active power
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From Figure 4.20, it can be seen that the ripple of the secondary current is significantly

mitigated.
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Figure 4.20. Simulation results with the proposed optimal algorithm: (a) secondary current; (b) dg components of

negative sequence secondary current

A comparison of the different control targets with the proposed optimal control method is
summarized in Table 4.3.

Table 4.3. Comparison of the different control targets with the proposed optimal control algorithm

Target I II 1T Vv Optimum conventional
1, unbalance (%) 0.8 11.3 10.3 5 2 24
I, distortion (%) 4.5 10.3 13.8 0.7 3 22
T, pulsations (%) 11.2 0.6 24 10.7 5.7 +27
P, pulsations (%) 14.5 22 0.7 13 11 +28
0, pulsations (%) 28 0.4 34 26 9 +42
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5.1 Introduction

The rotor flux modulation process makes the BDFRM quite a complex machine to design,
probably more than most of the traditional ones [107]. One possible drawback with the BDFRM is
the relatively high leakage flux resulting from the flux modulation process by the rotor. The
performance of the BDFRM highly depends on the capability of the rotor to modulate stator
magnetic fields, by establishing magnetic coupling between the stator windings that otherwise
would not interact. Therefore, the rotor design is the most critical and important constraint to be
taken care of. Though the salient pole rotor (Figure 5.1) is simple and useful for understanding the
BDFRM operating principles, its performance is inferior to an axially and radially laminated rotor
[108, 109]. Some of the fundamental design issues such as designing different rotor structures,
electromagnetic design issues, stator and rotor pole combinations, loss considerations, etc. have
been addressed in[110].

This chapter will provide a brief introduction concerning the BDFRM design aspects. The main
dimensions of 8-4-6 poles combination of a 1.5 MW BDFRG will be estimated according to
parameters of a small-scale machine, and then the accuracy and effectiveness of the theoretical
analysis will be investigated using ANSYS Maxwell software.

(a) Salient pole rotor (b) Axially laminated rotor (c) Radially laminated rotor

Figure 5.1. Different types of reluctance rotors for the BEDRM (adapted from [111])

5.2 Air Gap Flux Density

The air-gap flux density can be obtained using the procedure presented by [112-114] . The flux
modulation process is represented assuming that all the flux entering the rotor at a given point 6; in
the air gap, must leave the rotor at the corresponding opposite flux path end at angle 8,, without any
leakage, as in the geometry shown in Figure 5.2.
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Figure 5.2. Linearized ideal ducted rotor geometry and angles definition

The air-gap flux density may be calculated using the following expression,

B(@)=2ﬂ<Em,<91)—Em,<@)>, (5.1)
g

where F,, is the total three-phase magnetomotive force and the angles are defined by:

6,=6+1 -2a, (5.2)
and 4, is the rotor pole pitch defined as:
2r
A== 5.3
=5 (5.3)

The angle a is a periodic function with respect to the rotor pole pitch, calculated using:

a =mod(6, -6, ,1,) (5.4)

where 0,,,, is the initial mechanical position of the rotor d-axis (at =0).

In order to evaluate the coupling factors, the normalized air gap flux density is defined in [112-
114] as:

_BO) _ (Fuu(8) = Fuua(6,) ‘s
PO~ — (55)
g

The normalized air-gap flux density is plotted in Figure 5.3 for the 8/4/6 poles combination
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Figure 5.3. Normalized air gap flux density; P,=8, P~=4, P,=6

5.3 Criteria for Choosing the Number of Poles and Slots

Selection of the suitable combination of the number of poles depends on many aspects. The
most important one is to achieve the coupling conditions for torque production. The authors in [112,
113] proposed a solution to determine coupling factors for different combinations of the pole
numbers.

The amplitude of a flux density harmonic of space order i, produced as a result of the
modulation of the MMF harmonic of space order j by the rotor structure, can be defined in terms of
a coupling factor C;; between the three phase winding sets:

B=c i, (5.6)

where Cj; is the coupling factor obtained from Fourier analysis:

Cy =N +b; . (5.7)
1 2r 1)1

4 =— j £,(0,)c05(=-0,)d0, (5.8)
1 2z ) P

b, == [ B,(6,)sin(-20,)d0),. (5.9)
Ty 2

The resulting coupling factors for several number of poles combinations are presented in Table 5.1
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Table 5.1. Ideal coupling factors [112]

Number of Poles Coupling Factors Ormosyne
P, | P, | P Cs | Cu=0C, Cop [rpm]
8 4 2 0.0000 0.0000 0.0000 1500
6 2 4 0.1817 0.3183 0.6061 750
6 4 5 0.3831 0.4677 0.5780 600
10 2 6 0.0865 0.2067 0.5827 500
8 4 6 0.2933 0.4135 0.6034 500
14 2 8 0.0498 0.1501 0.5643 375
12 4 8 0.1817 0.3183 0.6061 375
10 6 8 0.3499 0.4502 0.5900 375
18 2 10 | 0.0323 0.1169 0.5220 300
16 4 10 | 0.1216 0.2523 0.5946 300
14 6 10 | 0.2477 0.3784 0.6081 300
12 8 10 | 0.3831 0.4677 0.5780 300
22 18 20 | 0.4454 0.4918 0.5447 150

The results in the above-mentioned references have shown that a 4-pole rotor design has a
reduced coupling factor compared to other alternatives. In addition, any saturation induced by the
3" harmonic of the 2-pole stator winding will cause an unwanted coupling to the 6-pole winding.
For these reasons, this design has been avoided by many authors, and the preferred reasonable rotor
pole number is commonly taken to be 6.

On the other hand, an inappropriate selection of stator and rotor slot number combinations
produce undesirable torque and voltage harmonics in electrical machines. To minimize these
unwanted effects, suggested values of rotor duct and stator slot number for synchronous reluctance
machines are presented in [109]. Additional constraints for the BDFRM are discussed in [112] due
to the fact that there are two MMF sources with different pole numbers. The authors proposed the
following equations to assess the slotting harmonics:

h, =Pp(1+m£
» P
P (5.10)
N
h =P(1xtm—
Sq s( PS)

70



Chapter5. Design of a Large Scale BDFRG

h :Pp(linN’)
: P
7oL (5.11)

N
h =P(Qtn—-<
rq s( P)

N

where Ay, hyy, h,, and h,, are space harmonics in primary and secondary winding due to stator and
rotor slots, respectively, Ny is the number of stator slots, &, is the number of rotor ducts, and m and
n are arbitrary positive integers. Another important consideration is that the number of rotor ducts
(N,) should be an integer multiple of the rotor pole number.

Table 5.2 shows the parameters chosen based on the discussion in the preceding section. These
parameters are fixed and will not be considered as optimization variables.

Table 5.2. Variables chosen by the designer

Description Value

Number of stator slots N, 72

Number of rotor ducts N, 66
Stator poles primary winding P, 8
Stator poles secondary winding P 4
Rotor poles P. 6

Synchronous speed [rpm] 500
Slots per pole per phase primary winding N, 3
Slots per pole per phase secondary winding N, 6

5.4 Dimension Scaling

The main dimensions of the designed 1.5 MW BDFRG are estimated based on the dimensions
of a base small-scale design according to the following procedure.

e The air gap 0 of a 50Hz asynchronous machine can be calculated in mm as a function of
power p using the equation [115]:

5 =0.18+0.006 p"*“mm (5.12)

e The air-gap flux density is assumed to be the same for the base (B;s;) and designed (Bsy)
machines (Bs;~= Bsp)

(5.13)
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It is worth noting that scaling with constant flux and current density requires improved cooling
in the new design, as losses are proportional to machine volume, while the cooling surface is
proportional to the machine area.

e The current density J is assumed to be unchanged (J;= J5)

J:E:S _Na 1y

slot_d — — Pslot_b
Nb ]b

(5.14)

slot

Figure 5.4 shows a cross-section of the slots with the main slot and conductor dimensions
denoted.

Stator

cond

$
"
N N

airgap
Rotor

Figure 5.4. Cross-section view of the slots

e If the induced voltage is assumed to be sinusoidal, the RMS value of the air-gap voltage
is obtained according to (5.15):

V ~ B,DIN (5.15)

Considering the assumption Bs;= Bs»=Bs, the product of the inner diameter (D) and the effective
length (¢) of the stator is obtained:

V. N
(D), =L x (DY) (5.16)
d I/b Nd b

The value of D*¢ can also be estimated using (5.17) [116]:

Basea

—— w A B A B
P +P Zﬂ(ng)—p[ﬂCOSQD+M008¢p]ﬂ, (5.17)
V20 p, ®,p,

where B, and 4, ; represent peak flux density and rms electric loading (A/m) of the primary and
secondary windings, respectively.

The average of total tangential stress (o) for both windings can be obtained as:
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o _ AIPBP + AISBS (5 18)
tan \/5 \/5 .

The torque produced by the rotor may be written as:

2

T :ﬂ%zam (5.19)

Equation (5.19) gives an initial estimation for the volume of the rotor required to produce a
certain torque 7.

The Specific electrical loading (linear current density) A4; of the windings, as well as the

conductor current density J, must also be assessed, since these quantities describe the electrical
loading of the machine [115].

I
J == [A/mm’], (5.20)
cond
I NN
A]: rms” s cond, (521)
7D

gap

where Ncong 1s the number of conductors per slot, Dggj, 1s the air-gap diameter.

The calculated values of the specific electric loading, current density, and average tangential
stress are presented in Table 5.3.

Table 5.3. Specific electric loading and current density

Parameter Description Value
A Current density of the primary [A/mm?2] 7
J; Current density of the secondary [A/mm?2] 4
Ap Linear current density(primary) [kA/m] 33
A Linear current density (secondary) [kA/m] 26
Otan Average tangential stress [kPa] 25

According to (5.1)-(5.5), the air-gap flux density of the machine is calculated at rated
conditions, where the flux modulation process by the rotor can be observed as in Figure 5.5.
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Figure 5.5. Airgap flux density due to primary and secondary currents

5.5 Finite Element Analysis Results

Special machines can be modeled using the ANSYS Maxwell platform. This software package
provides a graphical interface to display machine models and simulation results, as well as
parametric evaluation and optimization. It is possible to download the model into other platforms
such as Simplorer for system simulation, vibration and noise analysis, or thermal analysis of a
machine. It is also possible to develop electric circuits using a circuit editor. Looking into
availability, operational simplicity, and other features, ANSYS Maxwell 2D is a preferable choice
for the development of numerical models and simulation studies of BDFRM.

The model is developed with two independent windings embedded in 72 stator slots. The model
geometry is constructed in Ansys Maxwell 2D considering design dimensions, specific materials,
motion setup, and mesh operations, etc. The excitation voltage is assigned to the stator winding
terminals using an external circuit editor as shown Figure 5.6.

)T 2 Y .
@ LabellD=Wa_prim IR
5mOhm 0.02784mH LPrimary_A
R215 1223
- ) Sy ST g
1 LabellDWh_prim RS
5mOhm 0.02784mH LPrimary_B
R214 1228
( ) $V_prim . .
1 LabellD=We_prim SRS
5mOhm 0.02784mH LPrimary_C
—Lo R213 1231
(0 = : T3 0¥
O D=Wa_sec
6.7mOhm 0.1104mH LSecondary_A
R204 L1234
() —Bp= : M
\_/ LabelD3Wb_sec
6.7mOhm 0.1104mH LSecondary_B
R221 1239
m $V_sec - .
\5) LabellD-We_sec RS IR
6.7mOhm 0.1104mH LSecondary_C
—L0 R206 1242

Figure 5.6. Primary and secondary end connections using Maxwell Circuit Editor
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The performance of the BDFRM can be evaluated from different plots such as flux distribution,
flux density distribution, voltage, current waveforms, moving torque, etc.

Figure 5.7 and Figure 5.8 show a cross-sectional view of the design with flux lines, density, and
distribution. The flux density shown in Figure 5.8 indicates that the maximum flux density in the
stator teeth, stator yoke, and rotor yoke flux densities are less than 2 T.

& [Whi/nl

1. 2659E-B1
1. 1812E-81
9. 3ESBE-B2
7. 7178E-D2
6. @7REE-B2

4. 4234E-D2
2. 7762E-B2

1. 1298E-D2

-5, 1616E-B3
-Z.1G54E-B2
-3, 8125E-B2

-5.4597E-B2

-7.1B63E-B2
-8, 7o41E-BZ
-1.0481E-B1
-1, 2B49E-B1

Figure 5.7. Flux distribution under dual excitation
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Figure 5.8. Flux density distribution under dual excitation

The primary and secondary winding currents when both windings are excited with 50 Hz
sinusoidal voltages and different phase shifts are shown in Figure 5.9, while the corresponding
moving torque developed by the generator is presented in Figure 5.10.
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Figure 5.9. Winding current waveforms

Time [s]

Figure 5.10. Moving torque developed by the generator

The produced moving torque contains a certain amount of ripple (Figure 5.10), which can be
reduced by optimizing the rotor structure and parameters of the stator core and windings. However,
the main target of the optimal design is not to reduce the torque ripple but rather to satisfy other
requirements, most notably the output power and efficiency.

Table 5.4 presents initial design dimensions for a 1.5 MW BDFRG that are calculated according

the previous discussion.
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Table 5.4. Initial design dimensions

Parameter Description Value (mm)
D, Outer diameter of stator (mm) 1400
D Inner diameter of stator (mm) 1000
¢ Length of stator core (mm) 1000
0 Length of air gap (mm) 2
D,; Inner diameter of rotor (mm) 450
S, Slot opening (mm) 8
S, Stator yoke length (mm) 250
Shw Stator tooth width (mm) 25

5.6 Electrical parameters

The phase resistances for each winding are calculated based on the machine dimensions and the
number of turns considering copper conductors as follows:

Lwire
=, 522
S (5.22)

Aps

RP,S = p(l + at (tstat - tamb ))

wher; o, is the temperature coefficient, £y, is the considered temperature in stator windings, p is the
copper resistivity, f#,,» 1s the ambient temperature, L., is the total wire length and S, is the
conductor cross-sectional area [115].

The winding inductances are calculated using the winding function theory [26]. Details on the
calculation of inductances, as well as resistances, are outlined in the Appendix A. The calculated
values of electrical parameters are reported in Table 5.5.

Table 5.5. Electrical parameters value of the BDFRG

Parameter Description Value
R, Primary resistance (mQ) 5.103
R Secondary resistance (m€2) 6.827
L, Primary inductance (mH) 2.237
Ly Secondary inductance (mH) 4.4334
Ly Mutual inductance (mH) 2.924
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6.1 Maxwell/ Simplorer /Simulink co-simulation

In order to examine and validate the optimized control, a FEM model of a small-scale BDFRG
which has been built using Ansys Maxwell is imported to Simplorer for coupling to the Simulink
control system. The control system model built in Simulink is then added to Simplorer. The
interface between Ansys and Simulink was established and implemented using a special S-Function
known as "AnsoftSFunction".

6.1.1Coupling of FEM Model and Control System with Simplorer

Once the generator is built in Maxwell and analyzed, it is then prepared for co-simulation with
Simplorer as follows:

e On the design Setting pop-up window and under Advanced Product Coupling tab,
Transient-Transient link with Simplorer should be enabled.

e In Simplorer, transient cosimulation is added (Simplorer Circuit— SubCircuit—Maxwell
Component—Add Transient Cosimulation)

e In the Transient-Transient coupling window that appears, the Maxwell project that was
saved before is selected.

The next step is to link the control system that was verified using Simulink to the Simplorer.
The interface between Ansys and Simulink was established and implemented using a special S-
Function known as "AnsoftSFunction". The S-function’s objective is to receive the currents,
voltages, and generator speed from the Maxwell model, and to transfer the control signals to the
Simplorer [117, 118].

The design parameters of a 1.5 kW BDFRG that is used in the co-simulation are listed in Table 6.1.

Table 6.1. Design parameters used in co simulation

Parameter Description Value

D, Outer diameter of stator (mm) 235
D Inner diameter of stator (mm) 144
¢ Length of stator core (mm) 85
0 Length of air gap (mm) 0.5
D, Inner diameter of rotor (mm) 65
Ny Number of turns per slot (primary) 56
Nes Number of turns per slot (secondary) 39

The complete model of Ansys and Simulink control structure is shown in Figure 6.1
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Figure 6.1. Coupling of Ansys Maxwell model with Simulink using Simplorer

Despite many advantages of co-simulation, long simulation time is the main drawback [119,
120], especially when considering the transient behavior of large machines with high moment of
inertia which are commonly used in wind power applications. In order to get an accurate simulation,
the time step should be as low as possible. However, the lower the time step gets, the longer time
the simulation will take. Therefore, a trade-off between accuracy and computation time should be
taken into consideration.

The simulation time and step size of simulation model in this article are coherent with
Simplorer, whereas the step size in Maxwell is smaller than in Simplorer.

6.1.2Co-Simulation Results

In order to demonstrate the performance of the optimized control under unbalanced grid
conditions, the connection between Simulink and Simplorer is completed by the S-Function module
in Simulink. The measured signals in Simplorer (such as rotor speed, rotation angle,
primary/secondary currents, and grid voltage) are transmitted to Simulink. After being processed by
the control algorithm, the reference voltage for the secondary side is transmitted back to the
Simplorer as shown in Figure 6.1.

The following test is performed on a 1.5 kW BDFRG: Initially, the system runs under balanced
conditions with the BDFRG being started as a slip ring induction machine (i.e. with the shorted
secondary winding). After reaching the steady-state, the conventional FOC is enabled; the reference
speed of 600 rmp in super-synchronous generator mode is required. After reaching steady state,
10% of negative sequence voltage is instigated at 2 s, while the auxiliary one (i.e. negative sequence
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current controller) is disabled. The auxiliary controller is enabled at 2.5 s and consequently the
negative sequence reference currents are generated.

The system response for the optimized control design to a given period of unbalanced operation
is shown in Figure 6.2
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Figure 6.2. Performances of the control system for 10% grid voltage unbalance with optimized control: (a) Speed
profile, (b) Electromagnetic torque, (c) Active power, and (d) Reactive power

Obviously, with the optimized control, the electromagnetic torque and active /reactive power
pulsations are simultaneously eliminated as shown in Figure 6.2.

It can also be seen that the proposed optimal control algorithm improves the performance of the
BDFRG by mitigating the negative sequence components of the primary and secondary currents
and maintaining acceptable limits for the currents' waveform as clearly observed in Figure 6.3.

80



Chapter6. Maxwell/ Simplorer /Simulink Co-Simulation and Experimental Verification
4

e ;Wa il
| h | MMM i

(a)

Secondary current [A]

18 19 2 21 22 23 24 25 26 27 28
Time [s]

(b)

Figure 6.3. Simulation results of co-simulated BDFRG for 10% grid voltage unbalance with optimized control: (a)
Primary current, and (b) Secondary current

6.2 Experimental Verification

In order to validate the control algorithm in a more practical way, a Hardware-In-the-Loop
(HIL) test platform has been developed and used. The block diagram of a HIL-based setup is
displayed in Figure 6.4.

Thorough and reliable tests are necessary to verify and validate the improved control. HIL
testing is a technique where real signals from a controller are connected to a test system that
simulates actual physical systems in real time, essentially "tricking" the controller into thinking it is
in the assembled product. A great number of possible scenarios can be easily and safely run through

to properly test and adjust the controller without the cost and time associated with actual physical
tests.

Generally, HIL can provide many advantages such as [121]:

e Reduced testing cost: the high cost of executing tests on complex machinery can justify
substantial investment in HIL.

e Reduce risks associated with failure: control system failure can lead to destroying
equipment or presenting safety hazards. HIL can be used to validate controllers before

running with real physical equipment. This can be used at the start of the project to
validate a new controller.
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Figure 6.4. Basics of Hardware-In-The-Loop simulation

The real-time performance of the developed control algorithm of the 1.5 MW BDFRG shown in
Figure 6.6 has been examined on the HIL system shown in Figure 6.5, where the C-code generated
from the Simulink® model is compiled in dSPACE® [122] using the Real-Time Workshop® and
run at 10 kHz switching rate of the space-vector-pulse-width-modulated (SVPWM) power
converter.

]
4
']

Il'-lﬂ-

o

wn

—_

—

3

jan)

(=]

4

=}

@
L]
[ -

. -

PRI
L e e s -
{ et e e
[y ——
I |
| ———

i ——
| SRR

|

‘I

iliil

i

L ]
0
]
¥

am

dSPACE Control Desk

I
il

e 0 .o O TWee WD

3 A B
E P S e B = ¥ T ——
FEEELEF-C- Ty I | Tt Y =]
= __ —
—_—

2

CLP1103 I/O Panel

Figure 6.5. HIL laboratory setup for the BDFRG control real-time simulation

The dynamic model of the BDFRG-based WECS shown Figure 6.6 is implemented in the
PowerPC 750GX® processor at 100 ps sampling time.

The auxiliary controller is added to the positive sequence controller to improve the BDFRG
operational characteristics by generating appropriate negative sequence dg secondary current
references. The following results demonstrate the characteristics of the primary/secondary currents,
electromagnetic torque, and active/reactive powers. Initially, the system runs under balanced
conditions with the BDFRG being started as a slip ring induction machine (i.e. with the shorted
secondary winding).
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Figure 6.6. A block diagram of the control strategies under unbalanced grid voltage conditions

After reaching steady-state, the period with implemented control algorithm is divided into four
stages:

e Between 40 and 50s: grid voltage is balanced with a positive sequence controller
applied.

e Between 50 and 60s: grid voltage is unbalanced with a positive sequence controller.

e Between 60 and 80s: grid voltage is unbalanced with the simultaneous presence of
negative sequence controller with different targets.

e Between 80 and 100s: grid voltage unbalance is terminated, and the negative sequence
control still existing.

The performance of the system using the auxiliary controller that is aimed to eliminate negative
sequence primary current is shown in Figure 6.7. It can be seen from Figure 6.7(b) that the negative
sequence currents are completely controlled. From Figure 6.7(d-f) it can be also observed that the
BDFRG generation system during voltage unbalances is improved by choosing appropriate PI
controller gains, where the amplitude of negative sequence secondary current is decreased and the
oscillatory components of torque active/reactive powers are reduced.
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Figure 6.7. Real-time performance of the designed controller to eliminate the negative sequence primary current: (a)
Primary current; (b) Primary negative dq current components; (c¢) secondary current; (d) secondary negative dq current
components; (¢) Primary active and reactive power ; (f) Electromagnetic torque

Under unbalanced conditions, the secondary current contains both the 10 Hz fundamental
component (positive slip 60—50 Hz) and the 110 Hz harmonic component (negative slip 60 Hz + 50
Hz). The performance of the system using the designed auxiliary controller which is aimed at
eliminating negative sequence secondary currents is shown in Figure 6.8. As illustrated in Figure
6.8(d), the secondary current immediately becomes harmonic free. Nevertheless, the effect of the
negative sequence components of the grid voltage still appears on the primary current and
consequently on the electromagnetic torque and active power, as illustrated in Figure 6.8 (c-f).
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Figure 6.8. Real-time performance of the designed controller to eliminate the negative sequence secondary current: (a)
Primary current; (b) Primary negative dq current components; (c) secondary current; (d) secondary negative dq current
components; (¢) Primary active and reactive power ; (f) Electromagnetic torque

Figure 6.9 illustrates the performance of the system using the designed auxiliary controller that
is aimed to eliminate torque oscillatory components. It can be observed that the BDFRG generation
system is improved by reducing the torque oscillations, which are the most concerning issue during
grid voltage unbalance [67]. According to (4.21) and (4.23), the primary reactive power pulsations
would also be suppressed. On the other hand, the effect of the negative sequence on the other
components (i.e. primary current, secondary current, active and reactive power) could not be

eliminated as shown in Figure 6.9 (a-e).
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Figure 6.9. Real-time performance of the designed controller to eliminate torque pulsations: (a) Primary current; (b)
Primary negative dq current components; (c) secondary current; (d) secondary negative dq current components; ()
Primary active and reactive power ; (f) Electromagnetic torque

Reducing the primary active power pulsations is achieved by using the auxiliary controller that
is aimed to eliminate the primary active power pulsations as shown in Figure 6.10(e). It can be seen
from Figure 6.10 that the influence of the negative voltage sequence still existed on the torque,
reactive power, primary and secondary currents
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Figure 6.10. Real-time performance of the designed controller to eliminate primary active power oscillatory
components: (a) Primary current; (b) Primary negative dq current components; (c) secondary current; (d) secondary
negative dq current components; (e¢) Primary active and reactive power ; (f) Electromagnetic torque

From the previous results, one can conclude that using these different control design targets, it is
not possible to achieve more than a single control objective simultaneously. This is in accordance
with the results obtained from simulations in Chapter 4

Therefore, to achieve optimal performance under unbalanced grid voltage conditions,
coordinated control of the aforementioned control objectives is improved. This control approach
was described and verified through simulations in Chapter 4
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The negative sequence components of primary and secondary currents, oscillatory components
of torque and active and reactive power, can be reduced simultaneously as shown in Figure 6.11
using the reference values for negative sequence dq secondary currents, as described in (4.55) and
(4.56).
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Figure 6.11. Real-time performance of designed auxiliary controller using the proposed optimal algorithm: (a) Primary
current; (b) Primary negative dq current components; (c) secondary current; (d) secondary negative dq current
components; (e¢) Primary active and reactive power ; (f) Electromagnetic torque

All reported research concerning the BDFRG has been limited to testing prototypes in the kW
range. However, it is necessary to test the viability of any topology at the MW level to understand
the stability and robustness of the system.
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With no possibility to perform an experimental test on a large-scale BDFRG, the HIL testing is
considered the best option to verify the performance of the BDFRG under UGVCs with the
proposed vector control algorithm.

For the aforementioned control targets, Table 6.2 summarizes the following metrics: relative
amplitude of the primary negative sequence current to the amplitude of the primary positive
sequence current, amplitude of the secondary negative sequence current to the amplitude of the
secondary positive sequence current, pulsations of the generator torque, and pulsations of the
primary active and reactive power.

According to the results in the Table 6.2, one can conclude that the proposed controller ensures
the best overall performance, even though it does not provide best results for any individual

criterion.

Table 6.2. Comparisons of the different control targets with the proposed optimal design

Amplitude of | Amplitude of | Amplitude of
Amplitude of | Amplitude of
Control method ) % )% torque active power | reactive power
l (] lg) 70
3 oscillations % | oscillations % | oscillations %
Eliminate (i",)
0.7 7 12.5 13.5 15.4
Figure 6.7(a, b)
Eliminate (")
6.25 0.71 10.9 15 12.6
Figure6.8(c, d)
Eliminate (71,75/ O,
OL 10 0.8 24 0.7
Figure6.9(e,f)
Eliminate (P;,P,)
11 14 26 1.1 29
Figure6.10(e)
Proposed optimal
controller 4.5 5.3 8 12 9
Figure 6.11
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7.1 Summary

The share of wind energy with respect to total installed power capacity is increasing worldwide.
The DFIG-based wind turbine with a partially scaled power converter is the most widespread wind
power generator in wind power applications. However, due to its favorable operational
characteristics, the BDFRG has been receiving increasing attention from the scientific community
and it has been proposed as a potential alternative to the existing solutions for wind power
applications since it retains most of the DFIG's merits while offering better reliability and lower
maintenance cost.

Wind turbines are often installed in remote rural areas characterized by weak, unbalanced grid
voltage. The presence of negative-sequence components in the grid voltage poses serious problems
for wind generators, including unbalanced primary currents, current harmonics at the secondary
side, and unequal heating or hot spots in the windings which degrade the insulation and reduce
winding life expectancy. The interaction between negative-sequence voltage and positive-sequence
current also causes power and torque pulsations, which inflict additional mechanical stress on the
drive train and gearbox and increase acoustic noise, too. Hence, studying the performance of wind
generators under UGV Cs and designing a suitable control algorithm is very important.

A thorough understanding of the modeling, control, and dynamics as well as the steady-state
analysis of the BDFRG is necessary to accurately predict its performance. A steady-state model of
the BDFRG-based wind turbine system with variable speed was presented and used to analyze its
mechanical and electrical operating characteristics in both super and sub-synchronous modes of
operation. Derived from the steady-state model, the secondary voltage required for controlling the
machine's operating mode was calculated and the machine's power flows are also analyzed under
varying wind speeds.

The main aim of this dissertation was to develop control strategies and analyze the performance
of a large-scale BDFRG-based WECS under UGVCs. To meet this objective, the first step was to
improve a detailed dynamic model of a BDFRG-based WECS under unbalanced grid conditions
using positive and negative sequence equations which are later used to design a proper control
algorithm.

Regarding the WECS, various control techniques to extract maximum power from the wind
turbine have been reported in the literature. In this thesis, three commonly used control algorithms,
i.e. scalar control, vector control, and DTC were discussed in detail in Chapter 3.

The main aspects, mathematical model of a BDFRG under UGVCs and the advanced vector
control strategy developed for UGVCs were presented in Chapter 5. An extended vector control
algorithm is used to control both the positive and negative sequence components of the secondary
currents independently. The model of the machine under UGVCs is used to derive the control form
relationships between torque, real and reactive power, including positive and negative sequence
components.

The simulation results show that by using the conventional vector control strategy, the positive
sequence components are well-regulated by common PI controllers, while the negative sequence
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component cannot be fully regulated due to the controller’s limited bandwidth. Therefore, the
extended vector control strategy has been used to overcome the negative sequence voltage effects
resulting in the development of a new and original control algorithm, which presents one of the
main contributions of this thesis. The secondary reference current was set to achieve one of the
following control objectives: balancing primary currents, eliminating the torque and reactive power
pulsating terms, eliminating the double-frequency pulsations of the primary active power, and
eliminating the secondary currents pulsations.

The simulation results showed that by using the extended vector control strategy, it is not
possible to achieve more than a single control objective simultaneously. Therefore, to achieve
optimal performance under UGVCs, a new optimal control strategy was developed by considering
all objectives simultaneously in order to comprise all the aforementioned objectives simultaneously.
In the newly proposed optimal control algorithm, the controller's reference values are selected using
a multi-objective optimization (MOO) method. A weighted-sum approach is used to convert
multiple objectives into a parametric single-objective cost function. This is second new and original
control algorithm developed within the proposed research work, presenting the other significant
contribution of this thesis.

For examination purposes, a FEM model of the BDFRG using ANSYS Maxwell software is
provided. In addition, the main BDFRM design aspects and difficulties are discussed. The main
dimensions of a 1.5 MW BDFRG were estimated according to the parameters of a small-scale
machine, and then the accuracy and effectiveness of the theoretical analysis were investigated using
ANSYS Maxwell software.

The improved control has been evaluated and validated in two manners, using
Maxwell/Simplorer/Simulink co-simulation (for a small-scale machine) and the Hardware-In-the-
Loop (HIL) system (for a large-scale machine). The results show that the performance of the
BDFRG-based WECS can be improved under UVGCs using the proposed vector control strategy
for different control objectives. Moreover, the optimal controller can mitigate the pulsations for all
the operational characteristics simultaneously, which improves the performance of the BDFRG
based WECS.

The original contribution of this thesis is the development of vector control strategies for large-
scale BDFRG under UGVCs. Besides, the thesis presents the original design of a large-scale
BDFRG which was used to evaluate the performance of the improved control algorithm.

7.2 Plans for Future Work

The following topics are proposed for future work and the continuance of this work:

1. Experimental implementation of the proposed strategies in a laboratory environment for
a small-scale BDFRG prototype;

2. Implementation of other techniques proposed in the literature and advanced control
techniques such as, for example, neural network and fuzzy logic;

3. Comparison of control techniques, paying attention to accuracy and performance, as well
as comparison between the implementation costs of each control technique.
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4. Development of low voltage ride-through (LVRT) technology for a BDFRG to meet the
grid codes standard, especially for wind power applications

5. Optimization a 1.5 MW BDFRG design with high performance for industrial

applications.
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Appendix A

Design calculations

Parameters (fixed):

Pp:=8
Pp
= — :4
P 2
Ps:=4
Ps
=—=2
a 2
Pri=p+q=6
Nsl := 72
Nrd:= 66
Np:=12
Ns:= 12
Np
Np.. = =1
T
3.2
Ns
Nsg 1= =1
Nl
3.2
N
np = =P =3
p
N
m= =6
q
Nsl
npp := =
pp 3-Pp
P s

primary poles

primary pole pairs

secondary poles

secondary pole pairs

Rotor poles

number of slots

number of rotor ducts

number of turns of primary (one phase)

number of turns of secondary (one phase)

number of primary
turns per slots

number of secondary
turns per slots

number of turns per pole
(primary)

number of turns per pole
(secondary)

number of slots per phase
per pole (primary)

number of slots per phase
per pole (secondary)
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Definitions for the model

orm0 := Odeg Initial rotor position
yl = Pr-orm0 = 0-deg Initial torque angle proportional to the initial rotor position

ac = ftorque —yl = 90-deg Difference between the current phases of the
rimary and secondary windings
ac = 1.571-rad primary i 9

Dimensions
Dso := 1.4m stator outer diameter
Dsl:=1.2m slot outer diameter
Dsi := 0.95m stator inner diameter
Lstack := Im machine axial lengtt
Slot area (mm®)
"]
kv Polgne] ) = Ol
. i o Pyl 1 : F IS LT
LT E R (R s
"-'F.":'."-" I A . e o P = |
e, e
\'.'6 e E::\.:p:apn_-
"c- bk o eriown w 4
va

¥
L =
"'f"'"l?fr_.n i N
CEHE I
. 'Sr;r_;r
| -.l. | . ;J
2 af : ‘-"r
Aot = 1386mmi Slot area s%;a. 3 .
Fpi=03 Filling factor [ \*5.
I E= I T it
Aglot
F
2 £ —4 2 .
S ——  _92079%x 10 m conductor area (primary)
cu p Nps
Aglot
F
2 f —4 2
S ——  _2079%x 10 m conductor area (secondary)
cu_s NSS
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Phase winding resistance

unit_corr :=m-Q

correction factor

Kwir:=1.2
at :=0.0038 copper resistivity as a function of the temperature
tst = 130 considered temperature in stator windings
tho :=1.7-10 8 copper resisitivety
8 k ~m3
rhot :=rho-[1 + at-(tst — 20)]-unit_corr =2.411x 10 ==
3.2
sT-A
csl :=2-Lstack =2m coil side length
Dso+Dsl
cylp :=2- 2 25 1 = 1.02im coil yoke length(primary)
2 Pp
Dso+Dsl
cyls :=2- 2z | 2.2 ) 2 2.042m coil yoke length(secondary
2 Ps
Ltp :=csl + cylp = 3.021m total winding length (primary)
Lts :=csl + cyls = 4.042m total winding length (secondary)
. Pp
Kwir Ltp-—-npp -Npg
Rp :=rhot- 2 =5.044%x 10 3.Q Primary resistance
Scu_p
. Ps
Kw1r-Lts-—-nsp-NsS)
Rs = rhot- 2 =6.749% 10 3.Q Secondary resistance
S
cu S
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Leakage inductance in slot: ; i
M
3 ot b3 i b - l‘il]
) : il
bgot = 1910 "m
_3 b7/
hy:=3510 "m "‘—'—" :
3 P
by =810 "m '. 7 i
-3 J!I EE P ; l ;Ll
h;:=10-10 "m i1 :
R
€
2 b h — 6 .
Llotp = HO-Npg ~Lstack-| 0.66+ — + =3.172x 10 "H slot leakage inductance
by 3bgor (primary)
2 hy h — 6 .
Lgjots = HO-Nsg ~-Lstack-| 0.66+ — + =3.172x 10 H slot leakage inductance
by 3bget (secondary)
Nsl _5
Lilotp total = leotp'T =7612x 10 "H
Total slot leakage
Nsl -5 inductance
leots_total = leots'T =7.612x 10 "H

End winding Leakage inductance

hew :=0.342
permeance factors

hw :=0.243

Dsl
Tip p = 1t~—s =0.471m
Pp

Dsl
Tip s:==n = 0.942m
Ps

Td == D—Sl =0.052m
Nsl

Wp = Tip p — Td =0.419m

wg =Tip_s — Td = 0.89m

W.

p) =0.301m

Lw_p = 0.5-(cylp -

Ly s = 0.5(cyls - w) = 0.576m

Coil span (primary)

Coil span (primary)

4
¥

one slot pitch

width of the end winding (primary)

width of the end winding (secondary)

axial length of the end winding measured
from the end of the stack (primary)

axial length of the end winding measured
from the end of the stack (secondary)
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The use of the winding function theory to calculate inductances
excitation currents used in each winding to inductance calculation

Ip := 1200A Is := 1200A
1. Spatial MMF distribution (single phase)

1.1- Primary windings
Fpa(bag) := i-Np ~ﬁ-lp~cos (p-6ag)
T p

K
—W~Ip~cos (pﬂag = 2%)

2
Fpb(6ag) := —Np-
T p

2 K
Fpc(Bag) := —-Np~—W-Ip~cos p-Oag + 2=
b1 p 3
3x10°
Fpa (0ag) 3
1x10
Fpb (6ag)
Fpc (bag) — 1x103
~3x10°
0 2 4 6

Bag

1.2- Secondary windings
angles which defines the position between grid and control a phase

atemp := Odeg

2 K
Fsa(Oag) .= —Ns ~—W~Is~cos(q~9ag — q-otemp)
n q

2 K
Fsb (0ag) := —-Ns ~—W~Is~cos (q~9ag — q-atemp — 2%)
q

T

2 K
Fsc(0ag) := —~Ns~—w~Is~cos(q~9ag — q-atemp + 2%)

n q
4x10°
Fsa(0ag) 2><103
Fsb (0ag) 0
Fsc(Bag) _ 5,103
~ 4x10°
0 2 4 6
Oag
1x10*
Fpa(bag) sx10°
Fsa(6ag)
Ft(oag) 0
~5x10°
0 2 4 6
Oag
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2- Calculation of airgap flux density in air gap considering an ideal airgap

rgap := ? =0.475m airggap radius
gap :=2mm air gap length
slotOp = 8mm slot openning
Tus = n.& =0.041m stator tooth pitch including slot openning
Nsl

2 slot
ks := —:| atan b _ 2 £2p -1

T 2-gap slotop
Kcs = _Tus =1.095 Carter's coefficient for the stator

Tus — slot0 -ks
P
Tur = n.ﬁ = 0.045m rotor tooth pitch including slot openning
Nrd
SIrwidth := 0.013m rotor slot width
2

2 SlrWidth SIrWidth
kr:=—-| atan L -2 gal? o 14 [ 222 =0.57

b 2-gap SIrWidth 2-gap

Tur , _
Ker = =1.196 Carter's coefficient for the rotor
Tur — SIrWidth-kr

Ket := Kes-Ker = 1.309 total Carter's coefecient
gap op = Ket-gap = 2.619x 10 3 m efctive air-gap length
o= 2m 60-deg rotor pole arc angle

Pr

2.1- Primary windings
no
8P of

0
Bpb(bag) := E
223t

Bpa(0ag) = 5 -(Fpa(6ag) — Fpa(bfag + Ar — 2-mod(mod(6ag — 0ag0,Ar) + Ar,Ar)))

-(Fpb(0ag) — Fpb(0ag + Ar — 2:mod(mod(Bag — 0ag0,Ar) + Ar,Ar)))

Bpc(0ag) := -(Fpc(0ag) — Fpc(Bag + Ar — 2-mod(mod(Bag — 0ag0,Ar) + Ar,Ar)))

aPef

1

Bpa(bag) 0.5
Bpb(bag)
0 2 4

(=)

-1

Oag
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2.2- Secondary windings

-(Fsa(bag) — Fsa(fag + Ar — 2-mod(mod(Bag — 0ag0,Ar) + Ar,Ar)))

0
Bsa(0ag) = £
2-gapof

-(Fsb(0ag) — Fsb(bag + Ar — 2-mod(mod(0ag — 6ag0,Ar) + Ar,Ar)))

Bsb(0ag) :=
2'gap of

Bsc(0ag) = uo -(Fsc(Bag) — Fsc(Bag + Ar — 2-mod(mod(Bag — 0ag0,Ar) + Ar,Ar)))
8P ef

y/ ! !

1
Bsa(0ag)

Bsb(0ag) 0

Bsc(0ag)

-1

0 2 4 6
Oag
3-Winding function
3.1- Primary windings
Fpa(® Fpb(0 Foc(0
Npa(0Oag) = Fpa(Oag) Npb (0ag) = Fpb(bag) Npc (Bag) = pc(bag)
Ip Ip Ip
2 T T
1 a
Npa (6ag)
Npb (bag) 0
Npc (6ag)
-1
|
-2
0 2 4 6
Oag

3.2- Secondary windings
Fsc(0ag)
Is

Fsa(Oag)
Is

Nsa(0ag) := Nsc(0ag) :=

Nsa(0ag) 2r

Nsb (0ag) 0

Nsc(0ag)
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vdg

4-Self flux linkage
4.1- Primary windings

2.
Apapa = rgap-Lstack-J Npa(0ag)-Bpa(bag) dbag = 1.707Wb
0

zm self fluxe linkage
Apbpb :=rgap-Lstack- Npb(0ag)-Bpb(0ag) ddag = 1.707Wb

0

2.
Apepe = rgap-Lstack-J Npc(0ag)-Bpc(bag) dbag = 1.707Wb

0
Lpapa = Apapa =1.422x 10 3H
Ip
Apbpb — self inductances
Lpbpb :pI—p —1422x 10 °H
p

Lpcpe == “BS _ 1.422% 107 H
p

4.2- Secondary windings

r2-m
Asasa :=rgap-Lstack- Nsa(0ag)-Bsa(0ag) dfag = 3.318Wb
Y0
r2:m
Asbsb :=rgap-Lstack: Nsb (0ag)-Bsb(0ag) ddag = 3.318Wb
0
r2-m
Ascsc :=rgap-Lstack- Nsc (0ag)-Bsc(0ag) dfag = 3.318Wb
Y0
Lsasa := Asasa =2.765x 10 3H
Is
Asbsb —
Lsbsb = =22 _2765x 10 " H
Is
Lscsc = AS;:SC ~2765x 10 “H
s
4.3- Mutual flux linkage between phases of DIFFERENT winding
r2-m
Apasa :=rgap-Lstack- Npa(6ag)-Bsa(0ag) dBag = 2.339Wb
Y0
2
Apasb :=rgap-Lstack- Npa(0ag)-Bsb(bag) dbag = —1.17Wb
0
r2-m
Apasc :=rgap-Lstack- Npa(0ag)-Bsc(0ag) dBag = —1.17Wb
Y0
Lpasa = Apasa =1.949x 10 3H
Is
Lpasb := Ap?Sb —_9.746% 10 "H
S
Lpasc := Aplasc — _9.746x 10 'H
s
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5- Primary and secondary inductances

Lp:=1.5Lpapa + L =2237x 10 3H

slotp_total + Lew P

—3
Ls:=1.5Lsasa + leotsitotal + Lewfs =4334x 10 "H

Lps := 1.5Lpasa = 2.924x 10 H

Normalaized flux density

ool
Bs(6ag) := {COS(Ieag + 5) - cos{Z-(eag + 2o 2.mod(eag ;D + Eﬂ

2 T T 2
1 . iy
Bp(6ag) O . Bs(0ag) Of
-1F . -1F
) ! | ! 2 ! ! !
0 2 4 6 8 0 2 4 6 8
bag bag
3 T T T
2 —

1 —

Bs(6ag)+Bp(6ag) 0
—1r -
_9k _
_3 I I I
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Appendix B. Steady state analysis

Pn = 1.5MW
690
Vp =—V
NG
1.5
PF:=—
1.58
-
3Vsn-PF
Pr:=6
V., =0V

Appendix B
Steady state analysis
rated power Vg = %)v rated voltage
3
primary voltage
Power factor
rated current fsn == 50-Hz grid frequency
d

Oy =27y g = 3141597

rotor poles S

Frequency in general can be different than 50Hz.

fp = fSn oop
ng = Qp
ng = 500rpm

Rp :=0.00510>hm
Ry = 0.00682"bhm
Lps :=0.00292H
n, =492 "kpm
1:=30.92
c = 1rad

2

0y

T
rad
Qrw = 1.669T

Qrw =

Qr =1,

d
Q, = 51.595—

S
o, :=PrQ,

g — Ny

s rel :=

ng

s rel =0.015

= 2-1t-fp

o)
Q= 2
p Pr

synchronous speed

L. :=0.00223H primary resistance and inducatance

|y

L, :=0.004433H secondary resistance and inducatanc
Vg =0V

rotor speed (motor mode)
Gearbox ratio

Torque angle

Turbine speed

rad
®, =314.159—
p S
electrical rotor speed
Oy
n =—
SNEW " 1 s rel
1 05 =05 new
5 new = 52.36—-rad Spew rel =

S
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Appendix B. Steady state analysis

Equivalent circuit

i::\/—_l

Zp("’p) :=Rp + i"’p'(Lp - Lps) primary impedance

Zs(o)p,s_rel) = + i® ( Lps) secondary impedance
S_] rel

Zm(cop) = 0l mutual impedance

zp(mp) = (5.103>< 10 3= 0.2161')(2

Zpp(wp) = 0.919i0
zs(m ,s_rel) = (0.468+ 0.474) Q

p
Zm(oap)-Zs(cop s s_rel)
Zm((’)p) + Zs((’)p , s_rel)

Zini(©p-5_rel) = (0.188+ 0.158) O

By solving equivalent circuits with short ciruited secondary and short ciruited primary, currents Is1
and Is2 are got, as well as Ip1 and Ip2, respectivelly.

Zinl(c\)p,s_rel) = Zp(mp) +

VP
Ipl(Vp (Dp S rel) W
Ve ro Zofop)

a9 ) Zafog)+ Zlog 9]

I 1(Vpp-5_rel) =(1.24>< 10° — 1.045ix 103)A

Isl(v ,cop,s_rel) = (=372.427+ 942.908) A

p
Zm(mp)-Zp(wp)
Z:. ol ,s rel):=Z (o,,s rel) + —F——F
o -1t) =250 x) Zyfop) + Zp(op)

Zino0p.5_rel) = (0.476+ 0.192) ©

P
Vg

st g 2(i0_:jls rel)

tpo(Vss0p-s.xl) = TR )

Zinz((x)p,s_rel) Zm(mp) + Zp(O)p)

Is2(Vs s O s_rel) =0-A

Ipz(V ,wp,s rel) =0-A

( (V ®p srel)) Z(Vs,cop,s_rel)

rel) =

I(V Vg0 rel):( ~372.427+ 942.908) A
)=
)=

Ip( » Vs @8 rel Ip (V @8 rel) I.pz(V cop,s_rel)
(

Vi Vg, @y, 8_tel (1 24 % 10 — 1.045ix 10)
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Appendix B. Steady state analysis

Py
M, =

4
=g Mg, =2.907x 10" -N-m
T

ng = 500pm

n. =n

m T

n, =492 rpm
s reln :=s_rel

s rel =0.015

Lon = Ip(Vp,VS , cop,s_reln)

3 . 3 3
Ipn :(1.24>< 107 — 1.045ix 10 )lélpn| =1.621x 10" A
ISn = IS (Vp s VS s ®p sireln)
Iy = (=372.427+ 942.908) A

Spﬁpower(Vp,Vs s 0y sﬁrel) = SVP-W

|lgn| = 1.014x 10°A

Sp _powern ‘= Sp _pOWer(Vp,Vs,mp,sireln)
Sp_powern = (1.482>< 10° + 1.248ix 106)w
Pp(Vp,VS,(Dp,S_rel) = Re(Sp_power(Vp,Vs,wp,s_rel))

Pon = (Pp(Vps Vi 0,5 _reln )) = 1.482x 10°w

Qp(Vp,Vs,wp,s_rel) = lm(Sp_power(Vp,VS,cop,s_rel))
Qpn = Qp(Vp» Vi 0p 5 reln) = 1.248x 10°W

1
o, =314.159—-rad
p S

S V.,V,,®

s Vs @pss_rel ) = 3V IV, Vg0

b Vs» s_rel)

s_power( p’ P’

S =S

s_powern Vp: Vs, @

b Vs» s_reln)

S _power( P’

Ssﬁpowem =0w

Ps(Vp s VS s ®p sﬁrel) = Re(ssipower (Vp s VS ;@ s _reln ))
PSn = PS(Vp,VS,wp,sireln) =0-W

QS(Vp s VS s O sﬁreln) = Im(ssipower (Vp s VS »®p sﬁreln))
an = QS(Vp,VS,wp,sireln) =0W
PCup(Vp’Vs’wp’Sfrel) = 3~Rp-(|1p(Vp,VS,wp,sirel)| )2
PCupn = PCup(Vp’ VS s O sﬁreln)
PCuS(Vp’Vs’wp’ s_rel) = 3RS( | IS(Vp,VS,wp, s_rel)| )2

PCusn = PCUS(VD,VS ,®p s s_reln)

arg(Ipn) = —40.11tdeg

arg(Ig, ) = 111.553deg

primary apparent power

primary active power

primary reactive power

secondary apparent power

secondary active power

secondary reactive power

primary cupper losses

4
PCypn = 4025% 10°W

secondary cupper losses

4
PCysn = 2105% 10°W
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Appendix B. Steady state analysis

The power balace means that Pp+Ps=Pcup+Pcus+Pm

Pp(Vp,V (Dp,s_reln) + P (Vp,V (Dp,s_rel) =1.482x 106W

P (V V, u)p,s_reln): (p(V V., o s_reln) (V V, u)p,s_reln))—PCupn—PCusn

p’ S’ p’ S’ p’ p’ S’
6 .
Pinn = P Vps Vs @ps 5 reln) = 1421 10" W mechanical power
3
|Tpn| = 1:621 10°A arg(L,, ) = —40.111deg

cos (arg(Ipn)) =0.765
COs @, = COs (arg(lpn))

P
- mn efficiency
n P (V V.,o..,S reln) (V V.,o..,S reln)
p p’ S’ p’ g, p’ S’ p’ —
N, = 0.95864

This is the end of calculation fot motor mode of BDFRM operation. Now, the same calculation
should be completed for the generator mode of operation for the same M.n, cos ? and ?.

Now machine generates the rated power (-P.n) for wind speed v= m/s. with cos?=- (generator
mode). The machine working as generator will produce Ps=-P.n and by solving BDFRG equivalent
circuit, the corresponding rotor speed could be calculated as follows:

¢ g =acos (—0.765

Pg = 139.907deg 0y, = Odeg
0;:=0, - b= —139.907deg
6
Pog =P Ppg = —1421x 10°W
P
pg 3
[,=————— Ip =1.554x 10" A
pg V.- g
3 Vp cos((pg)
ing = Ipg-(cos (6;) + i-sin(6;)) ipg = (—1.189>< 10° - 1.001ix 103)A

From the expression for Ip=Ip1-Ip2, for short circuited rotor, Us=0, Ip2=0: Zs will be calculated
from the expression from Ip2.

Vpn = Vp mpn = mp

- Vo' Zyfo pn) - ipg'zp(‘”pn)'zm(‘”sn)

o Zglopm) + Z{pn)) Yy

Zg = (-0.515+ 0.458) Q

s relg := RL
e(ZS)

s relg =—-0.013

Npg = (1 - s_relg)ng

N = 506.6261pm

Vo =398.372V

106



Appendix B. Steady state analysis

L= IS(Vp Vs 0ps s_relg)

Iyn = (-347.489-896.2491 A I, | = 961.254A arg(lgy ) = ~111.192deg

Mzz I.p(Vp,VS R O)p,sirelg)

Ion = (—1.164>< 10° - 1.03ix 103)A |Tpn| = 1.554x 10°A arg(L,, ) = ~138.509deg
va s Vg ®p> sﬁrelg) = 3Vp- ].p(Vp s Vg ®p> sﬁrelg)

Spapomera= Sp J)OWCI‘(Vp Vs> @ S—relg)

Sp_powem = (_1-391>< 106 + 1.23ix 106)W

AlzlpﬁVp,Vs,(x)p,s_relg) = Re(Sp_power(Vp,Vs,cop,s_relg))

NPW:: (Pp(Vp,Vs,mp,sirelg)) =-1.391x 106W

Agpch,Vs,(x)p,s_relg) = In‘(Spjower(Vp,Vs,wp,s_relg)>
Qo= Qo V- V- _relg) = 1.23x 10°W
Si OWE ;! Vp,VS,a)p,s_relg) = 3VS-IS(VP,VS,c0p,s_relg)

WV:: Ss_power(vp°vs’mp’sfrelg) Ss_powem =0W
Alz's\(Vp,Vs,(x)p,s_relg) = Re(SS_power(Vp,Vs,mp,s_relg))

D= Ps(Vp,Vs,(;)p,sirelg) =0-W

AQ\BIVP,VS,(x)p,s_relg) = Im(SSJ)ower(Vp’Vs’mp’s—relg))
/Q\mvf: Qs(Vp,Vs,(;)p,sirelg) =0W

PGM a1Vp,Vs,oop,s_relg) = 3-Rp-(|Ip(Vp,Vs,mp,s_relg)| )2

PGM]sm = PCup(Vp » Vg ®p> sﬁrelg)

4
Pypn = 3:697% 10°W

PG,‘ﬂs[Vp,Vs,wp,s_relg) = 3-RS-(|IS(Vp,Vs,wp,s_relg)| )2

4
Peusac="Pcus(Vp: Vs ©p-5_relg) PCysn = 1-892x 10°W
The power balace means that Pp+Ps=Pcup+Pcus+Pm
6
Po(Vps Vs @pss_relg) + Py(Vy, Vg, 0,5 relg) = ~1391x 10°W
AIzm(Vp,Vs,(x)p,s_relg) = (Pp(Vp,Vs,mp,s_relg) + PS(Vp,VS,mp,s_relg)) - PCupn = Pcusn

6
P o= Pm(Vp,Vs,(np,sirelg) =-1.447x 100 W

|Ipn| CLssax 165 A arg(].pn) = -138.509deg cos(arg(].pn)) = —0.749

COS P, 1= COS (arg(IDn))
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Appendix B. Steady state analysis

Pp(Vp » Vg @y s_relg)

nn T
g Pon t+ PS(Vp,VS,o)p,s_relg)

Npg = 0.96137

s relg =—-0.01325

This is the end of calculation for the generator mode of operation of BDFRM for the short
circuated secondary

The third case is when the speed of wind is lowered, giving the speed of turbine ?.t, with gear
ratio 1=30.92, that will provide the use a six pole machine with rated load slip s=-1.325%:

Turbine parameters

p= 1.225g air density

m3 .
1:=30.92 gearbox ratio
W\
R :=42m turbine radius
MW
C.=04 power coefficient
TER =7 tip speed ratio
v=982 wind speed

2 3 ;
P, =05pn-R"v .cp wind power

6
Py, =1278x 10°W

| .
o= TSR% o, = 1.633~-rad turbine speed
S
rad t d
Opg = 01 ©pg = 50.503— generator spee
S
fogi= Org = 482.26494rpm

The synchronous speed can be virtually lowered below, that can be achieved by supplied a
proper secondary voltages. With the same slip (s_relg), the new synchronous speed has to

Befelg = —0.013

Tre 475.958
n =_— n = 475. m
snew = olg snew p
ng—n
S new = S Shew s new = 0.048
n

S
The new value of s_new is used to calculate the needed value of secondary voltage to

cancel secondary currents (to simulate synchronous speed):

L

Vepew = (0.182+ 25.037) V

| Vsnew]| =25.038V

arg(Vgp oy ) = 89.584deg

The following calculation should be completed for the s_relg:

= 482265rpm V= 398.372V Voo = (0.182+ 25.037) V

Org snew

g Ny

g

s_rel new :=
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Appendix B. Steady state analysis

s rel new = 0.035

Sele i=s_rel_new
Ry A
NZvS((np,sirelg) = < relg + mp'(Ls - Lps)-l

Frinal@p-s_rele) =7 (o) + (( 1)3) s(©0p-s_rele)

((n s relg)

e ey 7o)
Moap,s_relg) = (o) sreg) m( p) ( )

Zini(p5_relg) = (0.087+ 0.108) ©

Zinz(mp,s_relg) =(0.201+ 0.192) Q

V.

,_ p
AI,M\(Vp,(np,sirelg) o Zinl(mp,s_relg)

1o1(Vp- 05 _relg) = (1798 10° — 2.231ix 1067) A

Vp-e7 o Zm((np)
AIMILVP 1 Op> S relg) Zinl(mp,s_relg) Z ( )+ ZS(

,S relg)

Ig1(Vp: 0p-5_rele) = (—1.283>< 10° + 1.363ix 10 )A

V,

SNeEwW  i-c

e
___ srelg Zm(wp)
Mvsnew ,mp,sirelg) o Zinz(mp,S_relg) . Zm(mp) + Zp(mp)

102 Venew - 0p-5_relg) = (2431% 10°  2255x 10*) A

Vsnew

| srele
Al,ez,(vsnew »®p> sﬁrelg) o ZinZ((’Jp R s_relg)

3 . 3)
19 (Vsnew » @p+s_rel) (212274 10° + 3100 10°) -

NP(V > Vanew » s @S relg) (Ipl(v ®p>$ relg)) pZ(VsneW OME relg)

Io(Vps Venew » @p»s_relg) = (-633.72+ 24.866) A

|15(Vi: Vsnew > @p-s_relg)| = 634.20773A

"I"’(Vp snew * ©p-S relg) _ISI(VP »@p>® relg) 2(Vsnew »@p-S relg)

(V. Vinew - ©p»5_relg) = (456.216- 484.688) A

|16(Vo+ Vsnew » @ps_relg )| = 665.62409A

WW\(VP Vsnew » s ®pS relg) 73V -1 (Vp Vsnew » s @S relg)

Sp powerg = Sp _power(Vp Vsnew > @p-S relg)

S —7.574x 10 —-2.972ix 10 )

p_powerg :(

5
Po(Vos Vsnew  @ps5_relg) = ~7.574x 10" W

Qu( Ve Vi - 0 5_relg ) = 2972 10° W
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W\(VP > Vsnew » ®p> s_relg) = 3Vsnew'ls(vpﬂvsnew »Ops s_relg)

Ss powerg “— Ss _power (VpaVsnew,O)p,s_relg)
4 . 4)
Ss_powerg :(_3-616>< 10" + 3.453ix 10 | W

4
Py(Vps Vinew » @p-s_relg) = -3.616x 10°W

4
Qg (Vs Vsnew  @p-5_relg) = 3.453x 10°W

MVP,Vsnew,cop,s_relg) = 3Rp( |Ip(Vp,Vsnew,wp,s_relg)| )2
NPM:: PCup(Vp > Vanew » ®p> s_relg)

Peyp = 6.158x 10° W

AIZ@u&(Vp’Vsnew ,cop,s_relg) = 3Rs( | Is(Vp’Vsnew , mp,s_relg)| )2
NPM: PCus(Vp > Vanew » ®p> s_relg)

Prys = 9-074x 103W

Pcu_total =Pcup * Pcus

4
Py total = 1:523% 10°W
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